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Abstract

The blue part of the light spectrum has been associated with leaf characteristics which also develop under high

irradiances. In this study blue light dose–response curves were made for the photosynthetic properties and related

developmental characteristics of cucumber leaves that were grown at an equal irradiance under seven different

combinations of red and blue light provided by light-emitting diodes. Only the leaves developed under red light alone

(0% blue) displayed dysfunctional photosynthetic operation, characterized by a suboptimal and heterogeneously

distributed dark-adapted Fv/Fm, a stomatal conductance unresponsive to irradiance, and a relatively low light-limited
quantum yield for CO2 fixation. Only 7% blue light was sufficient to prevent any overt dysfunctional photosynthesis,

which can be considered a qualitatively blue light effect. The photosynthetic capacity (Amax) was twice as high for

leaves grown at 7% blue compared with 0% blue, and continued to increase with increasing blue percentage during

growth measured up to 50% blue. At 100% blue, Amax was lower but photosynthetic functioning was normal. The

increase in Amax with blue percentage (0–50%) was associated with an increase in leaf mass per unit leaf area (LMA),

nitrogen (N) content per area, chlorophyll (Chl) content per area, and stomatal conductance. Above 15% blue, the

parameters Amax, LMA, Chl content, photosynthetic N use efficiency, and the Chl:N ratio had a comparable

relationship as reported for leaf responses to irradiance intensity. It is concluded that blue light during growth is
qualitatively required for normal photosynthetic functioning and quantitatively mediates leaf responses resembling

those to irradiance intensity.

Key words: Blue light, chlorophyll fluorescence imaging, cucumber (Cucumis sativus), dose–response curves, leaf mass per unit
leaf area (LMA), light-emitting diodes (LEDs), photoinhibition, photosynthetic capacity, red light, starch accumulation.

Introduction

Plant development and physiology are strongly influenced

by the light spectrum of the growth environment. The

underlying mechanisms of the effect of different growth

spectra on plant development are not known in detail,

although the involvement of photoreceptors has been

demonstrated for a wide range of spectrum-dependent plant

responses. Cryptochromes and phototropins are specifically

blue light sensitive, whereas phytochromes are more

Abbreviations: Amax, light-saturated assimilation; Anet, net assimilation; B, blue light percentage; Chl, chlorophyll; Ci Ca
�1, CO2 concentration in leaf relative to CO2

concentration in leaf chamber air; DW, dry weight; ETR, electron transport rate; Fv/Fm, ratio of variable to maximum fluorescence—the relative quantum efficiency for
electron transport by PSII if all PSII reaction centres are open; gsw, stomatal conductance; gsw ratio, ratio of stomatal conductance on the adaxial and abaxial surface
of the leaf; LED, light-emitting diode; LMA, leaf mass per unit leaf area; PNUE, photosynthetic nitrogen use efficiency; PSII, photosystem II; PSS, phytochrome
photostationary state; Rdark, dark respiration; a, light-limited quantum yield for CO2 fixation; UPSII, relative quantum yield of PSII electron transport.
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sensitive to red than to blue (Whitelam and Halliday, 2007).

Blue light is involved in a wide range of plant processes

such as phototropism, photomorphogenesis, stomatal open-

ing, and leaf photosynthetic functioning (Whitelam and

Halliday, 2007). At the chloroplast level, blue light has been

associated with the expression of ‘sun-type’ characteristics

such as a high photosynthetic capacity (Lichtenthaler et al.,

1980). Most studies assessing blue light effects on the leaf-
or whole-plant level have either compared responses to a

broad-band light source with responses to blue-deficient

light (e.g. Britz and Sager, 1990; Matsuda et al., 2008), or

compared plants grown under blue or a combination of red

and blue light with plants grown under red light alone (e.g.

Brown et al., 1995; Bukhov et al., 1995; Yorio, 2001;

Matsuda et al., 2004; Ohashi et al, 2006). Overall there is

a trend to higher biomass production and photosynthetic
capacity in a blue light-containing irradiance. Before the

development of light-emitting diodes (LEDs) that were

intense enough to be used for experimental plant cultivation

(Tennessen et al., 1994), light sources emitting wavelengths

in a broader range than strictly the red (i.e. 600–700 nm)

or blue (i.e. 400–500 nm) region were often used (e.g.

Voskresenskaya et al., 1977). Other wavelengths can in-

teract with blue light responses. For example, green light
has been reported to antagonize some blue light responses,

such as stomatal opening and inhibition of hypocotyl

elongation in seedlings (Folta and Maruhnich, 2007). The

blue light enhancement effect on photosynthetic capacity

appears to be greater when using combinations of red and

blue light produced by LEDs than when broad-band light is

made deficient in blue by a filter (e.g. for spinach compare

Matsuda et al., 2007 and 2008). This raises the question of
whether plants exposed to red light alone suffer a spectral

‘deficiency’ syndrome, which may be reversed by blue light

as well as by longer wavelengths.

Poorter et al. (2010) stress the importance of dose–

response curves for quantitative analysis of the effects of

environmental factors on plant phenotypes, allowing a bet-

ter understanding of plant–environment interactions than

the comparison of two treatments only. It is not clear
whether the enhancement effect of blue light on leaf

photosynthetic capacity is a qualitative threshold response

or a quantitative progressive response, or a combination

of both. Only few specific processes in leaves have been

identified as quantitative blue light responses, such as

chloroplast movement (Jarillo et al., 2001) and stomatal

conductance (Sharkey and Raschke, 1981). Matsuda et al.

(2007) found a higher photosynthetic capacity for spinach
leaves grown under 300 lmol m�2 s�1 mixed red/blue

irradiance containing 30 lmol m�2 s�1 blue than for leaves

grown under red alone. A higher blue light fraction did not

yield a significant further enhancement in light-saturated

assimilation (Amax), which may be interpreted as a qualita-

tive blue light effect. However, a quantitative blue light

effect at quantum fluxes <30 lmol m�2 s�1 cannot be

excluded.
A diverse choice of LEDs powerful enough for use as

a growth irradiance source in controlled environments has

recently become available (e.g. Massa et al., 2008). These

LEDs allow the effect of light quality to be investigated

independently of the amount of photosynthetic irradiance.

LED illumination has been used here to study the response

curves of a range of parameters related to leaf photosynthe-

sis of plants that were grown at an irradiance with

a proportion of blue light ranging from 0% to 100%. A

range of other leaf characteristics important for the
functioning of photosynthesis, such as stomatal develop-

ment and behaviour, leaf mass per area (LMA), and the

content of N, pigments, and carbohydrates, were also

determined. The spectra and the extent of variation in the

ratio of red and blue irradiance that can be achieved with

LED lighting are dissimilar to field conditions. However,

the responses of leaves to these unnatural environments

provides the possibility to unravel the complex developmen-
tal and functional interactions that normally occur in the

natural light environment.

Materials and methods

Plant material and growth conditions

Cucumber plants (Cucumis sativus cv. Hoffmann’s Giganta)
were sown in vermiculite and germinated under 100 lmol m�2 s�1

cool white fluorescent lamps (TLD 50 W 840 HF, Philips, The
Netherlands) in a climate chamber. After 1 week, when the
cotyledons had just opened, the seedlings were transferred to
a hydroponic system (Hoagland’s solution, pH¼5.960.2; EC¼1.2
mScm�1) in a climate chamber. The day/night temperature was
25 �C/23 �C, the relative humidity was 70%, and the CO2

concentration was ambient. All plants were subjected to 10065
lmol m�2 s�1 irradiance (16 h/8 h day/night) provided by a mix-
ture of blue and red LEDs with dominant wavelengths of 450 nm
and 638 nm, respectively (types Royal Blue and Red Luxeon K2,
Lumileds Lighting Company, San Jose, CA, USA). The LEDs
were equipped with lenses (6 � exit angle) and the arrays were
suspended ;1 m above the plants, so irradiance from the two
LED types was well mixed. The lenses ensured that small
differences in leaf height had only minor effects on the irradiance
received. The seven different spectral treatments are expressed as
the blue (B) light percentage: 0B, 7B, 15B, 22B, 30B, 50B, and
100B; the remaining percentage was red. Irradiance was measured
routinely using a quantum sensor (LI-COR, Lincoln, NE, USA),
but was also verified with a spectroradiometer (USB2000 spec-
trometer, Ocean Optics, Duiven, The Netherlands, calibrated
against a standard light source). The difference in irradiance
measured with the two devices was <2% for the spectra used.
The plants were allowed to grow until the second leaf was fully

mature (17–22 d after planting the seedlings) when it could be used
for photosynthesis measurements. If necessary, the second leaf,
which was the leaf used for all measurements, was supported in
a horizontal position during growth to ensure that it received the
specified irradiance.

Stomata analysis

The stomatal conductance (gsw) was measured on three positions
on each leaf surface using a leaf porometer (model SC-1, Decagon
Devices, Inc., Pullman, WA, USA) prior to the gas exchange
measurements (see below). The ratio of the average gsw of the
abaxial and adaxial leaf surface (gsw ratio) was used in the
calculations of the gas exchange parameters (n¼6). Additionally,
silicon rubber impressions were made (see Smith et al., 1989) on
both the adaxial and abaxial surface of the leaves grown under 0B,
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15B, 30B, and 50B (n >3). Stomatal density, length, and aperture
were determined from images of the impressions using the
procedure described in Nejad and van Meeteren (2005).

Leaf gas exchange and fluorescence measurements

Gas exchange and chlorophyll (Chl) fluorescence were measured
using a custom-made leaf chamber within which 4.52 cm2 of leaf
surface was illuminated. A LI-7000 CO2/H2O gas analyser (LI-
COR, Lincoln, NE, USA) measured the CO2 and H2O exchange
of the leaf and ambient atmospheric pressure. Leaf temperature
was monitored by a thermocouple pressed against the abaxial leaf
surface. A custom-made measuring-light source comprised of
independently controllable red and blue LEDs with attached
lenses, emitting a spectrum similar to that of the LEDs used for
growth-light, was used to provide the required red/blue combina-
tion in the irradiance range 0–1700 lmol m�2 s�1. A polished steel
reflector in the form of an inverted truncated cone (i.e. the inlet to
the reflector was larger than the outlet) allowed the irradiance to
be well mixed and equally distributed over the leaf surface. The gas
mix used contained 380 lmol mol�1 CO2, 20.860.4 mmol mol�1

H2O, and either 210 mmol mol�1 or 20 mmol mol�1 O2 (ambient
O2 or low O2), dependent on the type of measurement. A flow rate
of 200–700 ml min�1 was used, depending on the CO2 depletion
which ranged from 18 lmol mol�1 to 26 lmol mol�1 at saturating
irradiance. The equations developed by von Caemmerer and
Farquhar (1981) were used to calculate assimilation, gsw, and the
CO2 concentration in the substomatal cavity of the leaf relative to
that in the leaf chamber air (Ci Ca

�1) from the gas exchange data.
The boundary layer resistance of both leaf surfaces in the leaf
chamber during gas exchange measurements was estimated using
the method of Jarvis (1971). Chl fluorescence was measured using
a PAM 101 Chl fluorometer with an emitter detector unit (model
101 ED; Heinz Walz, Effeltrich, Germany). The modulated red
measuring-light intensity was <0.5 lmol m�2 s�1. A 250 W
quartz–halogen lamp connected to an additional optical fibre
provided a saturating light pulse (7500 lmol m�2 s�1) to allow mea-
surement of the Fm or Fm# relative fluorescence yield (Baker
et al., 2007). The fibres were fixed ;4 cm above the leaf chamber
at such an angle that they did not interfere with the actinic light
beam.
Irradiance–response curves were measured on fully expanded

second leaves, and each growth-light treatment was performed
twice. As there were no significant differences between the two
repetitions, the individual plants from the two repetitions were
treated as independent repetitions (n¼6) in the analysis. An
ambient O2 concentration was used for these measurements. After
clamping a leaf in the leaf chamber, it was dark adapted for
30 min, and dark respiration (Rdark) and the dark-adapted Fv/Fm

(Baker et al., 2007) were measured. The irradiance–response curve
was measured using a spectrum identical to that under which the
plants were grown, using 14 intensities in the range 0–1700 lmol
m�2 s�1. The leaves were subjected to each irradiance for at least
20 min, when steady-state assimilation was amply reached. The
highest irradiances were omitted if CO2 fixation clearly became
light-saturated at lower irradiances. At an irradiance of 100 lmol
m�2 s�1, which is equal to the irradiance during growth, the
relative quantum yield of photosystem II (PSII) electron transport
(UPSII) was measured using the method of Genty et al. (1989).
After measuring the irradiance–response curve, the plant was left
overnight in the dark in a climate room and the following day
samples were taken from the measured leaf in order to measure the
light absorptance spectrum, leaf mass per area (LMA), and
pigment- and N-content (see below).
In order to assess the possibility that Ci was limiting assimilation

at low irradiance, the relationship between assimilation and
electron transport rate (ETR) was investigated in more detail.
Under photorespiratory conditions a lower assimilation per unit
ETR is expected for a leaf with a Ci that is limiting for assimilation
than for a leaf with no limiting Ci. Under non-photorespiratory

conditions no difference is to be expected (Harbinson et al., 1990).
Additional gas exchange and fluorescence measurements were
made on leaves grown under 0B and 30B using seven different
incident irradiances (0–100 lmol m�2 s�1) and both ambient and
low O2 (n¼3). Chl fluorescence measurements were made at each
irradiance to determine UPSII once CO2 fixation had stabilized,
after which the actinic irradiance was switched off to measure
Rdark. Gross assimilation (Agross) was calculated as net assimilation
(Anet) plus Rdark, which assumes, as is commonly done, that Rdark

is a reasonable estimate of respiration in the light. Light
absorptance (see below) was measured directly after measuring the
photosynthesis irradiance–response. The product of the absorbed
actinic irradiance and UPSII serves as an index for ETR
(e.g. Kingston-Smith et al., 1997). The distribution of dark-
adapted Fv/Fm over these 0B- and 30B-grown leaves was measured
by means of Chl fluorescence images. Images of three different
leaves from each treatment were made using a PSI Fluorcam
700MF Chl fluorescence imaging system (PSI, Brno, Czech
Republic), using the procedure described in Hogewoning and
Harbinson (2007).

Measurement of leaf light absorptance

Leaf light absorptance was calculated in 1 nm steps in the range
400–800 nm from measurements of leaf reflectance and trans-
mittance made on 12 leaf discs per leaf. Details of the procedure
and measurement system, which consisted of two integrating
spheres, each connected to a spectrometer and a custom-made
light source, are described in Hogewoning et al. (2010) and Zheng
et al. (2010). The integrated absorptance of the actinic measuring
irradiance used during gas exchange measurements was sub-
sequently calculated by multiplying the relative leaf absorptance
spectrum by the spectrum of the measuring-light.

LMA, nitrogen, pigment, and carbohydrate analysis

From each leaf, 10 leaf discs (1.28 cm2) were cut randomly over
the leaf area, avoiding the leaf margins and main veins. The discs
were stored at –22 �C, freeze dried, and weighed, and LMA was
calculated. After weighing, the C and N contents were determined
for all treatments by a C/N analyser (n¼5) and the nitrate content
was determined for the treatments 0B and 30B (n¼4) according to
Trouwborst et al. (2010).
An additional eight leaf discs (0.65 cm2) were cut from the same

leaf and stored in 10 ml of dimethylformamide (DMF) in the dark
at –22 �C. The absorbance of the extract was measured in the
range 400–750 nm using a Cary 4000 spectrophotometer (Varian
Instruments, Walnut Creek, CA, USA), and the Chl and
carotenoid concentrations were calculated using the equations of
Wellburn (1994).
The carbohydrate content of leaves grown under 0B, 30B, and

100B was measured by cutting 10–15 discs (1.28 cm2) from one side
of the main vein at the end of the photoperiod and 10–15 discs from
the other side of the main vein just before the start of the
photoperiod (n¼4). Soluble carbohydrate and starch concentrations
were analysed as described in Hogewoning and Harbinson (2007).

Curve fitting and statistics

The photosynthesis data measured to obtain light–response curves
of the leaves grown under different blue/red combinations were
fitted with a non-rectangular hyperbola (Thornley, 1976) using the
non-linear fitting procedure NLIN in SAS (SAS Institute Inc. 9.1,
Cary, NC, USA) in order to determine the light-limited quantum
yield for CO2 fixation (a).
Tukey’s HSD was used to make post-hoc multiple comparisons

among spectral treatment means from significant one-way analysis
of variance (ANOVA) tests (P <0.05), and regression analysis
was used to test for significant differences (P <0.05) between the
slope of the Agross– UPSII3absorbed measuring-light relationship
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using Genstat (release 9.2, Rothamsted Experimental Station,
Harpenden, UK).

Results

Leaf photosynthesis

The Amax differed significantly for the leaves grown under

different blue (B) light percentages (Fig. 1). Increasing the

blue light fraction from 0% to 50% resulted in an increasing

Amax, with the greatest increase occurring at the increase

from 0% to 7% blue. The 100B-grown leaves had an Amax

that was lower than that of the 50B leaves. The light-limited

quantum yield for CO2 fixation (a) was lowest for 0B and

100B leaves and highest for the 7B–30B leaves (within this

range there was no significant difference in a; Table 1).

Dark respiration was lowest for 0B leaves and tended

to increase with blue light percentage, except for 100B

(Table 1), similar to the pattern found for Amax. The dark-

adapted Fv/Fm was typical for an unstressed leaf (i.e. >0.8)
in all treatments, except 0B, where it was significantly

reduced (Table 1). The UPSII measured at growth-light

intensity (i.e. 100 lmol m�2 s �1) and spectrum was similar

for the 15B–100B leaves, but was markedly lower for 0B

leaves and slightly, but significantly, lower for 7B leaves.

Concerning the more detailed measurements of the photo-

synthesis irradiance–response between 0 lmol m�2 s �1 and

100 lmol m�2 s �1 incident irradiance on 0B- and 30B-grown

leaves, Agross was markedly higher for the low O2 mea-

surements than it was for the ambient O2 measurements

(Fig. 2). At all light intensities, UPSII was consistently lower
for the 0B leaves than it was for the 30B leaves. In both

treatments the O2 concentration did not affect UPSII (not

shown). The absorptance in the green region of the spec-

trum was 5–10% lower for the 0B- and 100B-grown leaves

than for the other treatments, whereas differences in ab-

sorptance between the growth-light treatments were negligi-

ble for the blue and red region (not shown). Only the red

and blue wavelength regions are relevant for integrated
absorbed irradiance in this experiment. The integrated

absorptance of the growth and measuring-light increased

with the percentage of blue light (Table 1), as the blue light

was better absorbed than the red light. At both low and

ambient O2 concentration there were no significant differ-

ences between 0B and 30B for the linear regression between

Agross and the product of UPSII and the absorbed actinic

irradiance (Fig. 2).
The images of dark-adapted Fv/Fm obtained via Chl

fluorescence imaging showed conspicuous differences

between the 0B and 30B leaves. Whereas the images from

30B-grown leaves were perfectly homogeneous with an

Fv/Fm >0.8, the images of the 0B-grown leaves showed

a heterogeneous distribution with dark-adapted Fv/Fm

values of ;0.8 adjacent to the veins and with zones

of lower Fv/Fm (typically 0.55–0.70) between the veins
(Fig. 3). The 0B leaves also occasionally appeared slightly

chlorotic between the veins.

Stomatal effects

There was a considerable stomatal conductance (gsw)

calculated from gas exchange data in the dark-adapted state

(Fig. 4B). As the photoperiod of the plants in their growth

Table 1. Different parameters measured or calculated on leaves grown under different light qualities (the proportion of total PAR that is

from the blue rather than from the red part of the spectrum).

Different letters indicate significant differences (P <0.05; n¼5 or n¼6, no variation for PSS).

Blue light percentage 0 7 15 22 30 50 100

Fv/Fm 0.76 b 0.80 a 0.80 a 0.80 a 0.81 a 0.81 a 0.81 a

UPSII 0.65 d 0.74 c 0.76 b 0.76 a,b 0.76 a, b 0.77 a 0.76 a,b,c

Fv/Fm–UPSII 0.110 a 0.055 b 0.044 c 0.040 c 0.042 c 0.034 c 0.044 b,c

Quantum yield CO2 fixation (a) 0.045 c 0.052 a,b 0.053 a 0.053 a 0.053 a 0.048 b,c 0.045 c

Rdark (lmol m�2 s�1) 0.93 d 1.17 c 1.29 a,b,c 1.39 a,b 1.27 b,c 1.45 a 1.33 a,b,c

gsw ratio (abaxial:adaxial) 2.7 a 2.6 a 2.1 a,b 1.7 b,c 1.7 b,c 1.4 c 1.7 b,c

Integrated absorptance 90.0 d 92.1 c 92.4 b,c 93.1 b,c 94.0 a,b 93.7 b 95.4 a

Chl a:b (g g�1) 3.24 d 3.36 c 3.51 a,b 3.48 a,b 3.42 b,c 3.54 a 3.54 a

N (% DW) 5.7 a 6.0 a 5.7 a 6.0 a 6.1 a 6.0 a 6.2 a

C (% DW) 39.6 a 38.0 a 36.8 a 38.7 a 37.7 a 37.6 a 37.7 a

C:N (g g�1) 6.9 a 6.4 a,b 6.5 a,b 6.4 a,b 6.2 b 6.2 b 6.1 b

Chl:N (g g�1) 5.1 a 4.3 b,c 4.6 a,b 4.1 b,c,d 4.3 b,c 3.9 c,d 3.7 d

PSS (phytochromes) 0.89 0.89 0.89 0.89 0.88 0.87 0.51

Fig. 1. The effect of light quality (the proportion of total PAR that is

from the blue rather than from the red part of the spectrum) during

growth on the photosynthetic capacity (Amax) of cucumber leaves.

Error bars indicate the SEM (n¼6).
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environment started 1 h before leaves were dark adapted in

the leaf chamber, the absence of complete stomatal closure
may be due to the diurnal rhythm of the stomata. Also,

a significant night-time gsw is not unusual, especially for

leaves with a high daytime gsw (Snyder et al., 2003), such as

cucumber. Moreover, a substantial night-time gsw has been

reported to occur in many horticultural species, and ample

water availability (e.g. hydroponics as used here) can

increase night-time gsw (Caird et al., 2007). The gsw of

leaves grown and measured using 0B was lowest of all the
treatments and did not respond to increases in measuring

irradiance intensity. Even using 30B or 100B as a measuring

irradiance spectrum on the 0B-grown leaves at either

100 lmol m�2 s �1 irradiance or saturating irradiance had

no effect on their gsw (data not shown). In all other
treatments, gsw increased with increasing irradiance (>100

lmol m�2 s �1). Consistent with the low and constant gsw,

the Ci Ca
�1 of the 0B-grown leaves decreased more with

increasing irradiance than that of the other treatments

(Fig. 4C). Data of gsw and Ci Ca
�1 for the 30B and 100B

leaves are not shown in Fig. 4 due to instrument failure.

The gsw measured using a porometer also increased with

increasing blue light in the growth spectrum (not shown).
The ratio of gsw on the abaxial and adaxial leaf surface (gsw
ratio) became smaller with an increasing percentage of blue

light (Table 1). The stomatal counts on both leaf sides

paralleled these results, as the number of stomata on the

adaxial leaf surface significantly increased with increasing

blue percentage, whereas on the abaxial leaf surface no

significant changes were found (not shown), resulting in

a decreasing stomatal ratio with increasing blue light
(Fig. 5). No significant changes in stomatal length and

guard cell width were found for the different treatments

(not shown).

Fig. 4. Response of net assimilation (Anet; A), stomatal conduc-

tance (gsw; B), and leaf internal CO2 concentration relative to that

of the leaf chamber air (Ci Ca
�1; C) to irradiance for cucumber

leaves grown under different light qualities (the proportion of total

PAR that is from the blue rather than from the red part of the

spectrum). The actinic light quality was identical to that during

growth. Error bars indicate the SEM (n¼6).
Fig. 3. Image of the dark-adapted Fv/Fm distribution over an

0B (¼100% red; A) and 30B (B) irradiance-grown cucumber leaf.

The mixed blue–red-grown leaf (B) has a homogeneous Fv/Fm

distribution centred around an Fv/Fm of 0.82, whereas the 0B-grown

leaf (A) has a heterogeneous distribution with a high Fv/Fm around

the veins and lower values between the veins.

Fig. 2. Relationship between gross CO2 assimilation (Agross)

and the product of UPSII and the actinic measuring-light absorbed

by the leaves, which serves as an index of electron transport

(e.g. Kingston-Smith et al., 1997), at an incident irradiance

<100 lmol m�2 s�1. The cucumber leaves were grown under

and also measured with 0B (¼100% red; circles) and 30B

(squares) irradiance, and gas exchange was measured under low

(open symbols) and ambient O2 (filled symbols). Gross assimilation

was calculated as dark respiration plus net assimilation. The

slopes of the regression lines are significantly different for

the two O2 levels (P <0.001), but not for the spectral treatments

(P >0.23).
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LMA and nitrogen, pigment, and carbohydrate content

The LMA increased with increasing percentage of blue up to

50% (Fig. 6A). Similar to the Amax–blue percentage relation-

ship (Fig 1), the increase in LMA was relatively greatest

when the growth irradiance was changed from 0B to 7B.

The total Chl content (Chl a+Chl b; Fig. 6A) and total

carotenoid content (not shown) per unit leaf area increased

in a similar way to LMA, increasing with percentage blue up

to 50%. The Chl a:b ratio was significantly lower for 0B and

7B than at higher blue percentages (Table 1).

Leaf N content and C content per unit dry weight (DW)
did not differ significantly between the treatments (Table 1).

When expressed per unit leaf area the N and C content

therefore depended on the percentage blue light in a way

that was similar to LMA (Fig. 6A). The C:N ratio,

however, was significantly higher for the 0B treatment than

it was for the 30B, 50B, and 100B treatments. The nitrate

part of total leaf N was not significantly different for the 0B

and 30B leaves and was only 8.8% and 6.4%, respectively.
Chl content per unit leaf area correlates well with LMA

(Fig. 6A), though there is a small but significant decrease in

the Chl content per unit leaf DW as the percentage blue

light in the growth irradiance increases (Fig. 6B). For all

treatments Amax correlated positively with LMA and Chl

content per area leaf, except for Chl content of the 100B

leaves (Fig. 7). With an increasing percentage blue light

during growth, Amax per unit Chl increases up to 22B,
whereas at higher percentages of blue there are no differ-

ences between the treatments (Fig. 8A). A similar pattern

can be seen for Amax per unit leaf DW (Fig. 8A) and Amax

per unit N, which is the photosynthetic N use efficiency

(PNUE; Fig. 8B). On a DW basis, the Chl:N ratio decreases

significantly with increasing percentage blue (Table 1).

The leaf carbohydrate content (on a unit weight basis)

was negligibly low at the end of the night period for all
treatments (Table 2). At the end of the photoperiod,

a considerable amount of carbohydrates, which were mainly

comprised of starch and smaller quantities of sucrose, was

present in the leaves, with the highest values in the leaves

grown under 30B.

Discussion

Peculiarly, whereas parameters such as Amax, leaf composi-

tion, and LMA depended on the percentage of blue light

during growth, only the leaves that developed under 0B

(100% red light) had a suboptimal Fv/Fm, a low light-limited

quantum efficiency for CO2 fixation (a; Table 1), and

a stomatal conductance (gsw) that was unresponsive to

irradiance (Fig. 4). Such effects on leaves have, to the best

of our knowledge, not been reported before and highlight
the fundamental difference between leaf adaptation to the

growth spectrum and the instantaneous spectral effect on

photosynthesis. Instantaneous photosynthetic rates are

relatively high when a leaf is illuminated with red light (e.g.

McCree, 1972; Inada, 1976).

Disorders in leaf physiology associated with growth
under red light alone

A lower photosynthetic rate in plants grown under red light

alone has been shown for several crop plants. Matsuda

Fig. 5. Ratio of stomatal density (open bars; n >3) and stomatal

conductance measured with a porometer (filled bars; n¼6) for the

abaxial and adaxial leaf surface of cucumber leaves grown under

different light qualities (the proportion of total PAR that is from the

blue rather than from the red part of the spectrum; both

parameters are labelled ‘stomatal ratio’ in the plot). Error bars

indicate the SEM and letters indicate significant differences

(P <0.05). No significant differences between the individual means

of the stomatal density ratio were found; however, the linear

component of the stomatal density ratio–blue light percentage

relationship was significant (P¼0.04). The decrease in stomatal

density ratio with increasing blue light percentage was due to an

increasing stomatal density on the adaxial leaf surface.

Fig. 6. The effect of light quality (the proportion of total PAR that is

from the blue rather than from the red part of the spectrum) during

growth on the chlorophyll content per unit leaf area (A, filled

symbols, left axis), leaf mass per unit leaf area (LMA; A, open

symbols, right axis), and the percentage chlorophyll in the leaf on

a dry weight basis (B, squares).
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et al. (2004) found a lower photosynthetic rate for rice

grown under red LEDs alone than for plants grown under

a mixture of red and blue LEDs. Similar results were found

for wheat (Goins et al., 1997), which had a lower photosyn-

thesis and DW accumulation when grown under red alone

compared with growth under white fluorescent tubes or
under red light supplemented with blue. While Yorio et al.

(2001) reported a lower DW accumulation in radish,

spinach and lettuce grown under red LEDs alone than

under white fluorescent tubes or red supplemented with

blue, only radish developed a lower photosynthetic rate

when grown under red LEDs (as we also found for

cucumber; Figs 1, 4A). This suggests that vulnerability to

decreases in photosynthetic rate associated with growth
under red light alone may be subject to genetic variation.

The low Amax of the leaves that developed under 0B

(Fig. 1) cannot be attributed to a low leaf N content, as the

PNUE at Amax is lower for the 0B treatment than for the

other treatments (Fig. 8B). Chl content and LMA can also

be ruled out, as Amax expressed per unit leaf DW and per

unit Chl is also lower for the 0B leaves (Fig. 8A). The

nitrate fraction of the leaf N content has been reported to
be relatively higher in leaves grown under low irradiance

than those grown under a high irradiance (e.g. Felippe,

et al., 1975). In the present study this nitrate effect on

PNUE can be excluded as in both in the 0B and 30B leaves

N in the form of nitrate was <10% of the total N content.

The unresponsiveness of the stomata of 0B-grown leaves

did limit Amax due to a more restricted CO2 diffusion into

the leaf, as reflected by the lower Ci Ca
�1 with increasing

measuring irradiance in the 0B leaves compared with the

other treatments (Fig. 4).

In contrast to Amax, the low a found for the 0B treatment

(Table 1) is entirely related to a lower UPSII and not to a low

Ci due to a low gsw (Fig. 4), as under both ambient O2 and

non-photorespiratory conditions the relationship between

Agross and an index of ETR (the product of UPSII and

absorbed irradiance) did not differ significantly for the 0B

Fig. 8. The effect of light quality (the proportion of total PAR that is

from the blue rather than from the red part of the spectrum) during

growth of cucumber on leaf photosynthetic capacity (Amax)

reached per unit chlorophyll (A, filled symbols, left axis), per unit

leaf dry weight (A, open symbols, right axis), and per unit N (B,

squares).

Table 2. Carbohydrate content (mg g�1 DW) of leaves grown

under different light qualities (the proportion of total PAR that is

from the blue rather than from the red part of the spectrum).

Different letters indicate significant differences (P <0.05; n¼4).

End dark period End photoperiod

Blue % 0 30 100 0 30 100

Glucose 0.4 a 0.2 a 0.4 a 0.5 a 0.4 a 0.4 a

Sucrose 0.5 a 0.3 a 0.4 a 8.4 b 9.6 b 13.2 a

Starch 1.1 a 0.6 a 0.8 a 45.1 b 55.8 a 39.5 b

Fig. 7. Relationship of leaf photosynthetic capacity (Amax) to leaf mass per unit leaf area (A) and chlorophyll content per unit leaf area

(B) of cucumber grown under different combinations of red and blue light at an equal irradiance. The order of the values related to the

data points corresponds to the blue light percentage under which the leaves were grown, except for the encircled data point which refers

to the 100% blue treatment.
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and the 30B leaves (Fig. 2). If Ci was limiting assimilation of

the 0B leaves at low irradiance, Agross per unit ETR would

have been lower for 0B than for 30B at ambient O2 but not at

low O2 (e.g. Harbinson et al., 1990). Therefore, the underlying

cause of the relatively low photosynthetic rates at low

irradiance of the 0B-grown leaves may be due to disorders in

the development and functioning of the photosynthetic

machinery itself. During the photosynthesis measurements the
measuring-light spectrum was identical to the growth-light, so

a higher a would be expected for the 0B treatment as the

quantum yield for incident red light is known to be higher

than that of blue light (McCree, 1972; Inada, 1976). Where

the relatively low a measured for the treatments containing

a high blue light percentage (50B, 100B) was to be expected

based on the differences in quantum yields for the different

wavelengths, the low a for the 0B treatment is unexpected and
points to problems in the development and operation of

photosynthesis. An Fv/Fm below 0.8, as measured for the 0B

leaves, is normally associated with damage or long-term

down-regulation of PSII in response to stress (e.g. Baker,

2008). Evidently red light alone, or the absence of blue light

during growth, results in a dysfunction of the photosynthetic

machinery with a particularly adverse effect on leaf tissue

regions between the veins (Fig. 3). Matsuda et al. (2008)
reported an Fv/Fm >0.8 for spinach leaves grown under white

fluorescent light deficient in blue, so wavelengths beyond the

blue region may also prevent a loss of Fv/Fm, as found for

100% red in this study.

Several diverse, spectrally related factors have been

associated with inhibition of photosynthesis. Feedback

down-regulation of photosynthesis is associated with carbo-

hydrate accumulation in leaves (e.g. Stitt, 1991; Paul and
Foyer, 2001). Britz and Sager (1990) found lower leaf

photosynthesis associated with higher starch content at the

end of the night period in soybean and sorghum leaves

grown under low pressure sodium lamps emitting very little

blue light and mainly amber/red light (;595 nm), compared

with leaves grown under daylight fluorescent tubes. In the

case of the present experiments any such effects on

carbohydrate transport and metabolism can be discounted
as no differences in carbohydrate content at the end of the

dark period were found between the treatments (Table 2).

In wheat seedlings, inhibition of PSI and PSII development

and Chl synthesis was reported upon exposing the root–

shoot transition zone to 500 lmol m�2 s �1 pure red light

(Sood et al., 2004), suggesting an unidentified problem

related to transport of substances within the plant. In the

present experiment, Chl content on a leaf DW basis was not
impaired in the 0B treatment (Fig. 6); however, the higher

Fv/Fm adjacent to the veins (Fig. 3) and the occasional

chlorotic appearance between the veins also point to

a potential transport problem. Schmid and co-workers

related a depressed Fv/Fm and photosynthesis in chloro-

plasts of red light-grown green algae Acetabularia to

uncoupling of antennae and PSII reaction centres due to

reduced amounts of core antenna Chl–protein complexes
(Wennicke and Schmid, 1987; Schmid et al. 1990a, b). The

involvement of a blue light/UV-A photosensory pathway

in the maintenance of PSII core protein synthesis has

been postulated by Christopher and Mullet (1994), and

Mochizuki et al. (2004) found a threshold intensity of

5 lmol m�2 s �1 blue light (470 nm) for activation of the

PSII core protein D2-encoding gene psbD in Arabidopsis

acting via cryptochromes, along with a non-blue-specific

activation signal. An impaired ability to synthesize core

proteins may be related to the low Fv/Fm and a that were
found for the 0B-grown cucumber leaves; however, this

theory cannot be directly linked to a problem with transport

within the plant, as indicated by the heterogeneous Fv/Fm.

Blue light dose–responses

The physiological disorders associated with leaf develop-

ment under red light alone were eliminated by adding only

a small amount of blue light (7% or 7 lmol m�2 s �1;

Fig. 1). Beside this response to blue, which may be

characterized as a ‘qualitative’ or ‘threshold’ effect, the

increase in Amax upon increasing the blue light percentage

up to 50B clearly indicates that leaf photosynthesis also
responds quantitatively to blue light.

The quantitative increase in Amax with an increasing

proportion of blue light was associated with an increase in

LMA (Fig. 7A), Chl content, and N per unit area (Table 1;

Fig. 7B) and gsw at saturating irradiance (Fig. 4B). The

larger gsw is due both to a larger number of adaxial stomata

(Fig. 5) and a greater stomatal aperture. Blue light de-

ficiency has been associated with a lower LMA in soybean
(Britz and Sager, 1990), consistent with the lowest LMA

that was found for the 0B-grown leaves here. A higher

irradiance is usually found to lead to both a higher LMA

and Amax (Poorter et al., 2009). The present results show

that the quantitative relationship between LMA and Amax

with increasing irradiance (Poorter et al., 2009, 2010) is also

found for a varying blue percentage at a constant irradiance

(Fig. 7A). In general, in parallel with leaf responses to
irradiance, blue light is shown to stimulate ‘sun-type’

characteristics on the leaf level, even at the relatively low

growth irradiance used in this study.

The question remains of which blue light-regulated

response(s) can explain the differences in Amax of leaves

grown under different blue light percentages? At a blue light

percentage >22% Amax appears to change proportionally to

changes in LMA, Chl, and PNUE (Fig. 8), although Chl
per leaf DW (Fig. 6B) and Chl:N (Table 1) decrease slightly

with an increasing percentage of blue light. Similar relation-

ships between these leaf traits are usually observed with

increasing irradiances, where Amax increases proportionally

with LMA and N content per unit leaf area, and Chl:N

decreases (e.g. Evans and Poorter, 2001). Leaf N content

may therefore indeed be a limiting factor for Amax of leaves

grown at an irradiance >22B. Regulation of potential Amax

due to restrictions in cell size and the number of cell layers

in a mature leaf as proposed by Oguchi et al. (2003) is also

well in line with the correlation found between LMA and

Amax in the present experiment. A restriction in intercellular

space per unit leaf area may be expected to be associated
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with a limitation of N-requiring components of the

photosynthetic machinery per unit leaf area. More unusual

is the lower Amax per unit LMA, Chl, and N found for

leaves grown under an irradiance containing <15B (Fig. 8).

These results indicate that cell space within the leaf, N

availability, and pigment content were sufficiently large to

allow a higher Amax. Hogewoning et al. (2010) likewise

found a lower Amax per unit LMA for cucumber leaves
grown under high pressure sodium light (5% blue) com-

pared with leaves grown under fluorescent tubes (23% blue)

and an artificial solar spectrum (18% blue). Apparently

leaves grown at an irradiance containing <15B are subject

to limitations which may be related to the disorders

associated with 0B leaves as discussed above, whereas at

>22B the relationships between Amax and LMA, N, and

Chl are very similar to usual leaf responses to irradiance.
The Chl a:b ratio was also conspicuously lower for 0B

and 7B leaves, but remained stable at >15B (Table 1). This

response is not in accordance with the usually measured

increasing Chl a:b ratio with increasing irradiance during

growth (Evans and Poorter, 2001), in contrast to the

responses of the other leaf traits measured, which are in

accordance with usual responses to irradiance.

Leaf responses to growth under blue light alone

Though the responses of Amax (Fig. 1), LMA, and Chl

content (Fig. 6A) in the range 0B–50B display clear pro-

gressive trends, the results for the 100B treatment deviate

from those trends. In contrast to 0B, 100B leaves did not

show any signs of dysfunctional photosynthesis. One con-

spicuous contrast between red and blue light is the absence of

cryptochrome and phototropin stimulation in pure red,

whereas pure blue does stimulate cryptochromes, photo-
tropins, and also phytochromes (Whitelam and Halliday,

2007). The 100B leaves invested relatively little in Chl

considering their Amax (Fig. 7). The relative amount of active

phytochrome expressed as the phytochrome photostationary

state (PSS; calculated according to Sager et al., 1988) of the

100B leaves is also markedly lower than that of the other red/

blue combinations (Table 1), which may indicate a role for

phytochrome activity in the regulation of the Chl content–
Amax relationship. As LMA has been shown to be much less

affected than Amax at spectra containing relatively little blue

(Fig. 8A; high pressure sodium light-grown leaves in

Hogewoning et al., 2010), the lower Amax of 100B leaves

compared with 50B leaves may be related to a limitation in

LMA due to the absence of responses regulated by red light.

Conclusions

In this study, blue light has been shown to trigger both

a qualitative signalling effect enabling normal photosyn-

thetic functioning of cucumber leaves and a quantitative
response stimulating leaf development normally associated

with acclimation to irradiance intensity. Leaf acclimation to

irradiance intensity may therefore be regulated by a limited

range of wavelengths instead of the full PAR spectrum.

Varying the blue light fraction offers the possibility to

manipulate leaf properties under a low irradiance such that

they would normally be associated with high irradiances.

The possibility to grow plants under relatively low irradi-

ance in a plant growth facility, with a relatively high

photosynthetic capacity able to withstand irradiances under

field conditions, is a useful practical consequence for

research and agriculture.
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