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Abstract. Light-emitting diodes (LEDs) are solid-state, long-lived, durable sources of narrow-band light output that can be
used in a range of horticultural and photobiological applications. LED technology is rapidly developing and high-quality,
high-output LEDs are becoming commercially available at an affordable cost. LEDs provide the opportunity to optimize the
spectra for a given plant response, but consideration must be given to both photosynthetic and photomorphogenic effects of
light while making those selections. A discussion of basic phytochrome response and data necessary to select narrow-band
LEDs to achieve a specific photostationary state is provided. The use of LEDs to alter spectral quality, and phytochrome
equilibrium, to regulate anthocyanin formation in red leaf lettuce and to regulate flowering of short-day strawberry are
discussed.

Light-emitting diodes (LEDs) are solid-
state semiconductor devices that produce
narrow spectrum light when voltage is ap-
plied. The use of LEDs in photobiology re-
search was reported in the 1980s and the
concept of using LEDs for plant lighting was
evaluated for space flight applications in the
1990s. LED technology has developed rap-
idly over the past decade with increasing flux
output becoming available at decreasing
prices. As the price of LEDs has decreased,
there has been a renewed interest in the use of
LEDs as tools for photobiology as well (Folta
and Childers, 2008). With the increasing
availability of LED light sources at afford-
able prices, the range of commercial appli-
cations has also been expanding; commercial
lettuce production facilities using LED light
sources have been built in Japan (Wheeler,
2008), light fixtures for intracanopy lighting
are being developed (Massa et al., 2008),
and supplemental lighting fixtures have been
designed (Bourget, 2008). Although a funda-
mental shift in lighting technologies for
controlled environments has great promise,
there are a number of significant issues
associated with photobiology that need to
be considered with using narrow-spectrum
LEDs in crop production.

As the price of LEDs decline, and the
available wavelengths increase, there is
increasing opportunity to incorporate LEDs
into commercial horticultural practice. To
efficiently implement LEDs into commercial
horticulture production practices, it is neces-
sary to match the particular spectral character-
istics of the light source with the photosynthetic
and photomorphogenic requirements of the
crop of interest.

The objectives of this article are: 1) to
discuss characteristics and availability of
LEDs for plant research; 2) to provide a brief
review of phytochrome physiology; 3) to
discuss basic concepts in selecting LEDs for
horticulture; and 4) to discuss two examples

from the horticultural literature of how LEDs
have been used to alter crop development.

BACKGROUND ON LIGHT-
EMITTING DIODES

LEDs are solid-state, durable, long-lived
light sources that provide narrow-band spec-
tral emissions. Light from an LED is gener-
ated inside the p-n junction of a simple diode,
which is made of two different alloys of
different potential energies. As electrical
current moves from one alloy to an alloy of
a lower potential energy, photons are re-
leased. This potential difference, known as
the energy gap, determines the wavelength of
the photons produced. The composition of
the different materials changes the energy
gap and thus changes the color of light that is
generated. The first infrared LED was pat-
ented in 1961 and the first practical visible
spectra LED patented in 1962. There was
rapid development of the technology in the
1980s and the first high-output red LEDs
became available in the early 1990s (Bour-
get, 2008, and references therein). NASA
became involved with the selection and
development of LED light sources for plant
growth in the mid-1990s (Goins et al., 1997;
Kim et al., 2005; Morrow, 2008). NASA
support resulted in a number of specialized
lighting systems for the Space Shuttle and the
International Space Station and provided
groundwork for development of many other
horticultural applications (Kim et al., 2005;
Morrow, 2008).

LEDs have several unique characteristics
that make them desirable for use in controlled
environment research, as tools for photobiol-
ogy, and, increasingly, as supplemental light-
ing for greenhouse systems. These include
the ability to control spectral composition,
provide high light output with low radiant
heat, flexibility in design and placement, and
exceptionally long life cycles between fail-
ures (Morrow, 2008). LEDs are becoming
available in an increasing number of wave-
lengths (Bourget, 2008). Table 1 provides a
list of commercially available LEDs that may
be of interest to horticulturists and indicates
the general color, the wavelengths that are

available within that range, and the probable
composition of the chip alloy. Table 1 is not
meant to be exhaustive, but does indicate that
the opportunities to precisely define spectra
for specific needs and applications will be
available in the foreseeable future.

PHYTOCHROME

Phytochrome, and its central role in pho-
toregulation of plant development, has been
the subject of extensive study for over 60
years (Borthwick et al., 1954; Franklin
and Whitelam, 2005; Smith and Whitelam,
1990); and many excellent reviews of its
discovery (Borthwick, 1972), chemistry
(Pratt, 1982), structure (Rockwell et al.,
2006), mode of action (Bae and Choi, 2008;
Chen et al., 2004), and molecular biology
(Paul and Khurana, 2008) have been pub-
lished and are not considered here.

Phytochromes are a family of proteins
that have two forms, the red absorbing form
(Pr) and the far red absorbing form (Pfr). The
Pr form, which has lmax = 660 nm, undergoes
a conformational shift to the Pfr form when it
absorbs light. The Pfr form, which has lmax =
730 nm, undergoes a conformational shift to
the Pr form when it absorbs light. The Pfr

form is generally considered to be the active
form (Smith and Whitelam, 1990). This
generalized response is shown schematically
in Figure 1.

When investigating phytochrome re-
sponses, it would at first appear that an
investigator should be very concerned about
the relative balance between the l = 660 nm
and l = 730 nm in the light source. Although
important in selecting a lamp source, in
practice, the most relevant factor in photobi-
ology is the fraction of phytochrome present
in the active (Pfr) form with respect to the
total phytochrome (Ptot = Pfr + Pr) at photo-
equilibrium.

Although Pr has lmax = 660 nm and Pfr at
lmax = 730 nm, there is significant overlap in
the relative spectral absorbance of Pr and Pfr

(Fig. 2). As a result of the relative differences
in absorption and the subsequent conforma-
tional change between Pr and Pfr, both forms
are present in the plant. The relative proportion
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of active form (Pfr) to the total (Ptot) is
considered the phytochrome photostationary
state (F). It is this relative proportion of Pfr to
Ptot that regulates a given photomorphogenic
response. Because the absorption spectrum of
each form is known, it is possible to estimate
F if the spectral distribution of a light source
is also known (Sager and McFarlane, 1997).

The phytochrome photostationary state
(F) is established by multiplying the irradi-
ance (N) at each wavelength (l) against
the relative absorption at that l for each form

of phytochrome [the photochemical cross-
sectional area (s)] (Fig. 3) and calculating F
using the following equation:
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Typical values of F under ambient solar
conditions are F = 0.6 for full sun and F = 0.1
for dense shade under a full canopy (Salisbury
and Ross, 1992; Nagy and Schaefer, 2002),
although these values vary according to canopy
type and density (Vandenbussche et al., 2005).
The range of values from electric light sources
vary from F = 0.1 from a far red rich light
source to F = 0.89 from a source with high red
spectrum (Sager and McFarlane, 1997).

The values for estimating F derived from
isolated phytochrome (Sager and McFar-
lane, 1997; Sager et al., 1988) are useful
guides to determining the effect of any light

source on the phytochrome response. When
using narrow-band LEDs, the F can be
approximated based on the lmax of the
LED. Table 2 shows the estimate of F for
discrete narrow-band LEDs with lmax from
300 to 800 nm. Table 2 also includes relative
quantum efficiency (RQE) for photosynthe-
sis (McCree, 1972) to allow the photosyn-
thetic efficiency of a given wavelength to
be evaluated as well. These well-defined
parameters allow the spectra to be optimized
for both photosynthesis and photomorpho-
genesis.

CONSIDERATIONS IN SELECTING
LIGHT-EMITTING DIODES FOR

PLANT RESEARCH

The increasing availability of LEDs pro-
vides the investigator the opportunity to
optimize wavelength selection for photomor-
phogenic as well as photosynthetic responses
(Fig. 4). The selection of appropriate wave-
lengths to optimize photosynthesis, for exam-
ple 440 nm and 660 nm, can be supplemented
with wavelengths to alter the photo stationary
state.

By selecting wavelengths with high RQE
and appropriate F, desired growth and mor-
phological characteristics can be achieved.
Although the spectral quality is of primary
concern in the selection of appropriate LED
light sources, a number of other issues
should also be considered. These include
spatial distribution and total output. LEDs
are inherently point source producers of
light, which is emitted in a Lambertian
manner. As such, the design of luminare to
achieve light distribution is critical for many
applications.

Table 1. Color designation, wavelength (l) range, available wavelengths, and semiconductor material of commercially available light-emitting diodes (LEDs)
from the ultraviolet (l < 400 nm) to near infrared (l > 760 nm).z

Color Wavelength range (nm) Commercially available l (nm) Semiconductor material

Ultraviolet l < 400 215, 235, 255, 265, 270, 280, 290, 300,
310, 320, 330, 340, 351, 360, 365,

375, 380, 382, 385, 393, 395

Aluminium nitride (AlN)
Aluminium gallium nitride (AlGaN)
Aluminium gallium indium nitride (AlGaInN)–(to 210 nm)

Violet 400 < l < 450 400, 405, 410, 413, 415, 418, 420, 422,
430, 435, 440, 450

Indium gallium nitride (InGaN)

Blue 450 < l < 500 470, 477, 480, 490 Zinc selenide (ZnSe)
Indium gallium nitride (InGaN)
Silicon carbide (SiC) as substrate

Green 500 < l < 575 505, 525, 545, 565, 570, 572 Indium gallium nitride (InGaN)/Gallium (III) nitride (GaN)
Gallium (III) phosphide (GaP)
Aluminium gallium indium phosphide (AlGaInP)
Aluminium gallium phosphide (AlGaP)

Yellow 575 < l < 590 588, 590 Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)

Orange 590 < l < 610 591, 600, 605, 610 Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)

Red 610 < l < 700 615, 624, 625, 628, 630, 632, 639, 640, 645,
650, 660, 670, 680, 690, 700

Aluminium gallium arsenide (AlGaAs)
Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)

Far Red 700 < l < 760 720, 735, 750 Aluminium gallium arsenide (AlGaAs)
Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGaInP)

Near Infrared l > 760 760, 770, 780, 810, 830, 840, 850, 870, 880, 910 Gallium arsenide (GaAs)
Aluminium gallium arsenide (AlGaAs)

zPeak wavelength data and semiconductor material were obtained from technical specifications provided by the manufacturer(s) and have not been independently
verified by the author. The listing of availability of a particular LED does not imply that it has the output or operational parameters to meet a particular application.
The listing is provided for guidance only and should not be used to develop experimental protocols without confirming that output will meet the user requirements.

Fig. 1. Schematic of generalized response of
phytochrome forms Pr and Pfr to red (lmax =
660) and far red (lmax = 730) radiation.

Fig. 2. Relative absorption spectra of Pr and Pfr

forms of phytochrome for wavelengths ranging
from 300 to 800 nm. (Data derived from Sager
et al., 1988.)

Fig. 3. Phytochrome cross-sectional (PCC) area of
Pr and Pfr forms of phytochrome for wave-
lengths ranging from 300 to 800 nm. (Data
derived from Sager and McFarlane, 1997.)
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LEDs, by their nature, emit light of a
wavelength from across the elemental junc-
tion and emit little or no radiant heat. How-
ever, there is a loss of heat from the diode
junctions that must be accounted for. With
high densities of high-output LEDs, the
thermal output can be significant and must
be managed to avoid damage to the LED
array (Bourget, 2008).

Two examples are provided to illustrate
the use of LEDs to regulate the phytochrome
photostationary state to determine the effects
of light quality of horticulturally significant
characteristics. The first example is the
effects of spectral quality on anthocyanin
formation in red leaf lettuce when LEDs are
the sole source of photosynthetic radiation.
The second is the use of low-output red LEDs
to alter the photostationary state of straw-
berry crowns before transplanting in high
tunnels.

SPECTRAL CONTROL OF
ANTHOCYANIN FORMATION IN RED

LEAF LETTUCE

The induction of anthocyanins is known
to be affected by light quality (Mancinelli
et al., 1975). High concentrations of ultravi-
olet light have been associated with induction
of anthocyanin (Krizek et al., 1998). Antho-
cyanin accumulation was observed in lettuce
grown under high-output T-8 triphosphor
fluorescent lamps (TPF; Sylvania FP541/
841/H0, Danvers, MA) with (Stutte et al.,
2009) and without (Richards et al., 2004)
acrylic barriers that blocked the transmission
of ultraviolet light. Experiments were per-
formed to determine if anthocyanin forma-
tion was under photoregulatory control, and
if so, whether it was a phytochrome-mediated
response. Red leaf lettuce cv. Outredgeous
was grown under a broad-spectrum TPF lamp
(F = 0.66) and red (660 nm) plus far red (730
nm) (F = 0.53) as controls because previous
research had indicated that anthocyanin pro-
duction was high under TPF (Richards et al.,
2004; Stutte et al., 2009) and that the red/far
red treatment had low anthocyanin content
(Stutte et al., 2009). The threshold response
for induction of phytochrome response is
subject to some controversy (Franklin and
Whitelam, 2005; Vandenbussche et al., 2005),
but a general guide is that F > 0.6 is active.

Three LED treatments were selected with
red (660 nm); red (660 nm) + blue (440 nm);
and red (660 nm), green (530 nm), and blue
(440 nm) that had identical F = 0.72 to 0.73.
In other words, 73% of the phytochrome was
in the active (Pfr) form (Stutte et al., 2009).
The plants grown under TPF control had high

anthocyanin content as expected. The lettuce
grown under both red (F = 0.73) and red/far
red (F = 0.53) failed to produce significant
amounts of anthocyanin (Fig. 5). The addi-
tion of blue (440 nm) light significantly
increased the concentration of anthocyanin
in the leaf tissue as well as altered the
developmental morphology of the lettuce,
although there were no differences in either
the total photosynthetically active radiation
or F between the red (F = 0.72) and red/blue
(F = 0.73) treatments (Fig. 5). The results
shown in Figure 5 indicate that the presence
of blue light, and not the phytochrome photo-
stationary state, was critical in regulating the
formation of anthocyanin. This suggests that
the control of anthocyanin synthesis is asso-
ciated with cryptochrome photoreceptors
(Briggs and Huala, 1999) and is not a primary
phytochrome-mediated developmental process.

Although the development of anthocyanin
appears to be regulated by cryptochrome and
not directly mediated by phytochrome, there
were a number of developmental processes
that were altered when F < 0.60. The addition
of far red resulted in greater leaf elongation
than red alone, but the epinastic response was
less. This net effect was to increase the avail-
able leaf area for light interception over the
other treatments (Stutte et al., 2009). The ad-
dition of far red decreased the total anthocyanin
content in the leaf (data not shown) suggest-
ing a possible secondary role for phytochrome.

LIGHT-EMITTING DIODES TO
UNDERSTAND THE FLOWERING

RESPONSE OF A SHORT-DAY
STRAWBERRY

Takeda and Newell (2006) have observed
that short-day strawberries that are grown in
the greenhouse under long-day conditions can
be induced to flower in the fall without
exposure to cool temperatures or short days.
This unexpected result was attributed to very
high planting density (200 plant/m2) of the
plug plants in the greenhouse. Takeda et al.
(2008) stated that broad spectra light was
absorbed by the canopy, but only wavelengths
greater than 700 nm were being detected by
the crown, resulting in an F < 0.2 at crown
level. It was hypothesized that the early
flowering response was phytochrome-medi-
ated. To test this hypothesis, high-density
strawberries were established under long days
in a greenhouse (F = 0.62) and then trans-
ferred to a controlled environment chamber
with broad spectra fluorescent lamps (F =
0.66) under long-day conditions (16-h light/
8-h dark). A strand of low-output red LEDs
(lmax = 662) was used to illuminate the crown
and increase the F to 0.75 (Fig. 6). This
treatment was applied for 28 d and then the
plants were transplanted in the field under a
high tunnel production system.

After 2 months under high tunnel con-
ditions, 83% of the plants without the sup-
plemental red LED treatment were flowering,
whereas less than half (47%) of the plants
with the LED treatment were producing
flowers. These data strongly suggested the

Table 2. Spectral files of relative quantum efficiency (RQE)z and phytochrome phytostationary state (PSS)y

at 10 nm wavelength intervals from 300 to 800 nm.x

Wavelength (nm) RQE PSS Wavelength (nm) RQE PSS

310 0.00 0.68 560 0.91 0.90
320 0.01 0.66 570 0.94 0.90
330 0.04 0.69 580 0.96 0.91
340 0.10 0.76 590 0.99 0.92
350 0.16 0.80 600 1.00 0.92
360 0.27 0.82 610 1.00 0.92
370 0.40 0.81 620 1.00 0.90
380 0.50 0.77 630 0.99 0.89
390 0.59 0.73 640 0.96 0.89
400 0.66 0.62 650 0.94 0.89
410 0.71 0.50 660 0.93 0.89
420 0.75 0.42 670 0.93 0.88
430 0.76 0.42 680 0.84 0.83
440 0.75 0.47 690 0.61 0.68
450 0.75 0.49 700 0.44 0.39
460 0.73 0.53 710 0.32 0.16
470 0.69 0.55 720 0.24 0.08
480 0.69 0.59 730 0.16 0.05
490 0.70 0.60 740 0.09 0.05
500 0.71 0.65 750 0.04 0.05
510 0.72 0.70 760 0.03 0.07
520 0.73 0.81 770 0.01 0.09
530 0.76 0.82 780 0.01 0.17
540 0.82 0.86 790 0.00 0.27
550 0.87 0.89 800 0.00 0.35

zFrom McCree (1972).
yDerived from phytochrome absorbances and photochemical cross sections of Sager et al. (1988).
xTabular data are adapted from Sager and McFarlane (1997).

Fig. 4. Phytochrome photostationary state (PSS)
and the relative quantum efficiency (RQE) of
wavelengths ranging from 300 to 800 nm.
(Data derived from Sager and McFarlane,
1997.)
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maintenance of the vegetative state of the
crown under short-day plants is under phyto-
chrome control and suggests that manipula-
tion of the crown light environment using
LEDs to promote earlier flowering could be a
tool to increase off-season production of
strawberry.

CONCLUSIONS

Light-emitting diodes are durable, long-
lived, and versatile sources for plant lighting
that can be used for plant growth. The
selection of appropriate wavelengths of
LEDs for a lighting source will allow custom-
ization of the spectrum to optimize growth
quality and morphogenic responses. This
may be through enhanced photosynthesis or
photomorphogenesis. The rapid development
of LEDs and corresponding commercial
availability of affordable high-output LEDs
provide the opportunity to develop the unique
characteristics of LEDs as tools for research
and commercial horticulture to enhance
yield, extend seasons, and improve quality.
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Fig. 5. Effect of spectral quality on the growth and anthocyanin formation of 14-d-old red leaf lettuce cv.
Outredgeous grown under high-output light-emitting diodes at 300 mmol�m2�s–1. The treatments are
expressed at RGB (red/green/blue); RB (red/blue); R (red); and RFr (red/far red) and the photosta-
tionary state (F) is provided. (Data derived from Stutte et al., 2009.)

Fig. 6. Spectral distribution of low-output red light-emitting diodes used to alter the phytochrome
photostationary state (F) of high-density strawberry plants before transplanting in high tunnels (inset).
(Data derived from Takeda et al., 2008.)
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