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To optimize crop production/quality in space, we studied various “light recipes” that could be used in the
Advanced Plant Habitat currently aboard the International Space Station (ISS). Lettuce (Lactuca sativa cv.
‘Outredgeous’) plants were grown for 28 days under seven treatments of white (W) LEDs (control), red (635 nm)
and blue (460 nm) (RB) LEDs, W + blue (B) LEDs, W + green (520 nm) (G) LEDs, W + red (R) LEDs, W + far red
(745 nm) (FR) LEDs, and RGB + FR LEDs with ratios similar to natural sunlight. Total PAR was maintained near
180 µmol m−2 s−1 with an 18 h photoperiod. Lettuce grown under RGB + FR produced the greatest leaf expansion and overall shoot biomass, while leaves from WB and RB showed the highest levels of pigmentation,
secondary metabolites, and elemental nutrients. All other supplemental treatments had varying impacts on
morphology that were dependent on crop age. The WG treatment increased fresh mass early in the cycle, while
WR increased biomass later in the cycle. The plants grown under WFR exhibited elongation of petioles, lower
nutrient content, and similar shoot biomass to the W control. The findings suggest that supplementing a broad
spectrum, white light background with discrete wavelengths can be used to manipulate total yield, morphology,
and levels of phytonutrients in lettuce at various times during the crop cycle.

1. Introduction
The ability to control light will be vital to growing plants for food
production in space or in any controlled environment built to sustain
humans (Sager and McFarlane, 1997; Massa et al., 2008; Ilieva et al.,
2010; Wheeler, 2017). The spectral quality of light can strongly influence how plants produce and partition various byproducts of photosynthesis (Lin et al., 2013). The rapid advancements of light-emitting
diodes (LEDs) have made it possible to control and tailor the spectrum
delivered to plants, providing the potential to optimize various aspects
of growth and/or metabolism in crops (Stutte et al., 2009; Liu et al.,
2018). LEDs have become increasingly popular light sources for controlled environment crop production due to their high conversion efficiency, long operating life, miniature size, low thermal radiation,
solid-state, and absence of toxic mercury (Yorio et al., 2001; Nelson and
Bugbee, 2014), and recent reviews have thoroughly evaluated the
status and recent achievements of using LEDs in horticulture (Mitchell
et al., 2012, 2015; Bantis et al., 2018) and in space (Zabel et al., 2016;
Wheeler, 2017).
In plants, the amount of O2 produced or CO2 utilized per mole of
⁎

photons absorbed has been shown to be dependent on the spectral regions between 400 and 700 nm (McCree, 1972; Cope et al., 2013), the
most efficient being wavelengths in the red (R) (600–700 nm), and blue
(B) (400–500 nm) regions (Muneer et al., 2014). However, a number of
studies reporting the impacts of green (G) light (500–600 nm) on
growth are attracting attention (Folta, 2004; Kim et al., 2004; Folta and
Maruhnich, 2007; Zhang et al., 2011; Johkan et al., 2012). In some
instances, the quantum yield of G light has been reported to be greater
than that of B light due to the fraction of B light energy strongly absorbed by flavonoids and/or carotenoids and not transferred to chlorophyll reaction centers (Barnes et al., 1993; Terashima et al., 2009;
Cope et al., 2014). In the study reported by Massa et al. (2015a), it was
observed that the penetration of G light through leaf tissue was significantly deeper than R or B light for lettuce, radish, pepper, and canola plants. Moreover, G light is distributed more equally throughout
the mesophyll, allowing deeper access to photosynthetic tissues within
the leaf, penetrating through to the abaxial side (Brodersen and
Vogelmann, 2010).
Broad-spectrum white LEDs (WLEDs) with correlated color temperatures (CCTs) between 3000 and 6000 K can inherently contain up
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to 50% of their spectral composition between 500 and 600 nm. Since
WLEDs are produced by coating a B LED chip with a broad yellow (Y)emitting phosphor, the steadily increasing efficiency of B LEDs has
concomitantly improved the efficiency of WLEDs (Cope and
Bugbee, 2013). Chen et al. (2016) were one of the first groups to test the
WLED spectrum on the growth of ‘Green Oak Leaf’ lettuce, by adopting
the approach of using a WLED background and adding equivalent
amounts of supplemental light from B, G, Y, R and far red (FR) LEDs as
separate treatments. Beneficial responses on biomass and pigment were
observed for WR and WB treatments, respectively, while WY and WFR
treatments exhibited negative responses on yield and morphology.
However, the FR diodes (λmax ≈ 850 nm) used in those studies were
likely too far beyond the absorption action of phytochrome (Pfr form) to
signal the intended shade avoidance response (Butler et al., 1964; Li
et al., 2011). Li and Kubota (2009) observed similar responses by
supplementing white light with various monochromatic LEDs on baby
‘Red Cross’ lettuce, although with using fluorescent (FL) lamps instead
of WLEDs, optimal biomass was observed under WFR light, while
Chen et al. (2014) observed optimal yield under WR with white also
being provided by a FL lamp. These studies collectively demonstrate
how supplementing W with monochromatic LEDs can be a strategy to
identify light recipes that can be used to enhance plant growth, morphology, and nutrition.
The efforts to investigate LED light recipes for cultivating food crops
in spaceflight environments such as the International Space Station
(ISS), currently revolve around utilization of NASA's Veggie and
Advanced Plant Habitat (APH) growth chambers (Massa et al., 2016;
Zabel et al., 2016). Veggie provides a basic capability of RGB LEDs with
potential future upgrades to additional wavelengths. In terms of offering strategic light recipes, the APH is equipped with W, R, G, B, and
FR LEDs and can achieve 1000 μmol m−2 s−1 total intensity (Massa
et al., 2016; Morrow et al., 2016), and is the target application platform
for this work.
In this study, the WLED spectrum was investigated as a control
treatment on the growth of lettuce, and used as a background to evaluate the effects of supplementing W with equal amounts of monochromatic light from B, G, R, and FR LEDs. The ‘Outredgeous’ cultivar
of red romaine lettuce was selected due to its successful and rapid
growth on at least five spaceflight experiments in Veggie under basic
RGB lighting, and its morphology exhibits remarkable sensitivity to
light spectrum. The objective was to identify what light recipes would
optimize its edible biomass, nutrient content, and secondary metabolites on the ground, and to recommend them accordingly for implementation aboard future flight experiments inside the APH. In addition to the various supplemental treatments, the ‘Outredgeous’ lettuce
was also grown under basic RB LEDs, and a custom recipe of RGB + FR
LEDs with ratios similar to sunlight for comparison.

2. Materials and methods
2.1. Growth chamber conditions
The lettuce crops were grown in environmental growth chambers
(EGC M-48, Chagrin Fall, OH) located in the Space Life Sciences
Laboratory (SLSL) at NASA Kennedy Space Center. The chamber air
temperature, relative humidity, and CO2 levels were maintained at
23 ± 0.4 °C, 65 ± 3%, and 1200 ± 60 ppm, respectively. Air circulation and flow within the chamber was measured and fluctuated between ∼0.5 and 1.0 m/s.
2.2. Cultural conditions
Under each light treatment, lettuce seeds (Lactuca sativa cv.
‘Outredgeous’) were sown in 10 square plastic pots (9 cm tall, 10.2 cm
width) containing 500 mL Greens Grade Arcillite (< 1 mm particle size;
PROFILE Products LLC; Buffalo Grove, IL) mixed with Nutricote 18-6-8
(NPK) controlled-release fertilizer (Type 70; Florikan, Sarisota, FL) incorporated at 7.5 g L−1 dry medium. In each pot, four seeds were sown
on the surface of moistened media in the four corners with at least
2.5 cm distance away from the walls. The pots were arranged inside
0.13 m2 sub-irrigation trays with the water levels maintained at a depth
of ∼1 cm using deionized (DI) water. Trays were covered with transparent plastic covers and misted with DI water for the first 3 days to
promote germination. Once germination was complete, to minimize
position effects, the pots were rotated clockwise inside the tray every
other day. In addition, each light treatment was rotated to new locations within the chamber after each replicated 28 day cycle (3 replications total). The water use was tracked daily by measuring water
levels in the trays, and recording the amount added.
2.3. Light treatments
The seven LED light treatments were 1) white (W: B
LED + phosphor, λmax ≈ 460 and 582 nm) LEDs as a control
(CCT ∼ 3150 K), 2) red and blue (RB, λmax ≈ 635 and 460 nm), 3)
white + blue (WB, λmax ≈ 460 nm), 4) white + green (WG,
λmax ≈ 520 nm), 5) white + red (WR, λmax ≈ 635 nm), 6) white + Far
red (WFR, λmax ≈ 745 nm), and 7) red, green, blue, + FR (RGB + FR,
λmax ≈ 660, 630, 520, 425 + 733 nm). Treatments 1–6 spectra were
provided by 60 W SuperT LED tube panels (AIBC International, Ithaca,
NY). We chose to use 635 nm red LEDs because this same wavelength is
used for red in NASA's Veggie and APH plant growth chambers on
International Space Station (Massa et al., 2016). Treatment 7 spectrum
was customized using a 300W RX30 research fixture (Heliospectra,
Göteborg, Sweden) with nine programmable channels. The light ratios
of treatment 7 were influenced by Kim et al. (2004), but slightly
modified with the addition of FR and a shorter wavelength of B. Table 1
summarizes the output of each treatment in terms of total

Table 1
Summary of spectral data and light recipe ratios for each treatment of white (W), red + blue (RB), white + blue (WB), white + green (WG), white + red (WR),
white + far red (WFR), and red, green, blue + far red (RBG + FR) LEDs.
Parameter
Photon flux (μmol m−2 s−1)/light recipe ratio (%)

Treatment
W

RB

WB

WG

WR

WFR

RGB + FR

Average PPFD (400–700 nm)
Blue (400–500 nm)
Green (500–600 nm)
Red (600–700 nm)
Far red (700–800 nm)
YPFa
Other ratios
R/FR
R/B

180 ± 33
37 (20%)
86 (48%)
58 (32%)
1
165

187 ± 34
75 (40%)
0 (0%)
112 (60%)
0
170

178 ± 30
77 (43%)
60 (34%)
41 (23%)
0.8
158

180 ± 35
31 (17%)
104 (57%)
45 (25%)
0
159

178 ± 32
28 (16%)
68 (38%)
82 (46%)
0
166

185 ± 35
37 (20%)
89 (48%)
59 (32%)
34
169

188 ± 28
30 (16%)
45 (24%)
113 (60%)
36
163

57.0
1.54

112.0
1.5

51.2
0.53

45.0
1.45

82.0
3.0

1.7
1.60

3.1
3.8

a

Yield photon flux (YPF) was calculated according to Sager et al. (1988).
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Fig. 1. Spectral distributions of white (W), red and blue (RB), white + blue (WB), white + green (WG), white + red (WR), white + far red (WFR), and RBG + FR
LEDs with inset showing LED arrays. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

where SLM = specific leaf mass per area (mg/cm2), Mdr = shoot dry
mass, and LA = crop leaf area. Relative chlorophyll estimates were
made using a SPAD-502DL meter (Konica Minolta Sensing, Osaka,
Japan) by clamping the sensor on three different leaves per plant and
recording the average in dimensionless SPAD units. The edible biomass
(shoot dry mass) was determined after plant tissues were dried in a
drying oven for 48 h at 70 °C. For the 28 DAS harvest only, the plant
tissues were flash frozen with liquid N2. The samples were then vacuum
freeze dried starting at –40 °C and incrementally brought up to 20 °C.
After recording freeze dried weights, an analytical mill (Cole-Parmer;
110 VAC/60 Hz; Vernon Hills, IL) was used to grind the tissues to a
powder in preparation for elemental and carotenoid analysis.

photosynthetic photon flux density (PPFD) and the light recipe ratios.
The PPFD target was ∼180 μmol m−2 s−1 (∼12 mol m−2 day−1) per
treatment averaged over the entire canopy. Fig. 1 shows the spectral
distribution scans of all treatments taken from 400 to 800 nm at 1 nm
steps with a spectroradiometer (Model PS-100, Apogee Instruments,
Logan, UT). For each supplemental treatment, the WLED background
was reduced to ∼145 μmol m−2 s−1, while the supplemental PPFD
targets were ∼35 μmol m−2 s−1 for B, G, R, and FR. The photoperiod
was 18 h (18 h light/6 h dark) in all treatments.
2.4. Plant growth measurements
At 7 days after sowing (DAS), one plant was harvested from each pot
and discarded. This initial thinning removed the weakest or unsuccessfully germinated seedlings. Subsequent harvests took place on a
weekly interval at 14, 21, and 28 DAS where plant growth measurements were performed. These measurements included shoot fresh mass,
shoot height and diameter, leaf area, leaf number, and specific leaf
mass. The specific leaf mass was calculated from the leaf area and dry
mass using the formula:

2.5. Elemental nutrient analysis
To analyze the elemental nutrients, 0.25 g (in duplicate) of each
freeze dried and ground plant tissue sample was digested at 95 °C in
5 mL of 70% nitric acid (Trace metal grade HNO3, Fisher Scientific,
Pittsburgh, PA) and 2.5 mL of hydrogen peroxide (30% H2O2, certified
ACS grade, Fisher Scientific) using a slight modification of the EPA
Method 3050B (EPA, 1996). After digests were diluted with ultra-pure

SLM = Mdr /LA
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water, the samples were filtered through 0.2 µm filters, and analyzed
with ICP-OES (Thermo Scientific, Asheville, NC) for Ca, Fe, K, Mg, Na,
P, S, and Zn.

closure was allowed to observe plant response to the change in spectral
quality as the plants began to shade each other. In Fig. 3(b), the results
for shoot diameter assess the potential for plants to encroach on
neighboring plants through horizontal expansion of leaves and petioles.
In noting the trends of WFR and RGB + FR going from 14 to 21 DAS,
these two treatments result in shoot diameters significantly higher than
the W control upon reaching 21 DAS. As expected, the WFR and
RGB + FR treatments exhibit shade avoidance syndrome during this
stage since FR diodes closely match the absorption action of phytochrome (Pfr) photoreceptors. It is well known that plants can detect the
presence of neighboring plants by differences in FR radiation, which is
readily transmitted through overhanging leaves (Massa et al., 2015a),
triggering stem and leaf elongation responses in many species. Hence,
the changes in R/FR ratio for shaded plants common to the under story
of canopies can be used as a means to promote rapid shoot expansion,
and increasing light interception.
The WG treatment was just as effective as the WFR and RGB + FR
effects on shoot/canopy diameter since it showed no significant difference from the two. Although FR light is more influential in signaling
morphological changes, it is not considered to be photosynthetically
active towards the evolution of O2 (Emerson and Lewis, 1943), but it
may still work synergistically to improve the quantum efficiency of
shorter wavelengths (Zhen and van Iersel, 2017). When FR is not an
available option, as in the Veggie plant chamber on the International
Space Station, these results support the phenomenon that deeper penetration of G light could be a tool for increasing shoot expansion,
ideally for crops that contain edible stems/petioles like lettuce. However, in the days following this point in the cycle, the lettuce growth
under WG began to slow down, and will be discussed further in subsequent sections. It must also be noted that visually, the WG and WFR
treatments showed significant suppression of red pigmentation, potentially demonstrating that the energy partitioned to shoot elongation
occurred at the expense of secondary metabolites such as anthocyanin,
which has strong absorption between 500 and 570 nm (Buraidah et al.,
2011).
Table 2 shows the results of the plant growth and morphology
measurements from all treatments at 28 DAS. The plants with the
greatest leaf area were those grown under RGB + FR and WFR, which
were not statistically different from each other. This was an expected
characteristic of shade avoidance triggered by FR being present in both
treatments. Nonetheless, the leaf area under the RGB + FR combination
was higher than all other treatments, while WFR was not statistically
different from WR or WG. While plants under RB and WB trended
lower, in leaf area they were not statistically different from the control.
The two treatments with FR also significantly increased the overall leaf
number.
As mentioned in earlier sections, the vigorous growth under WG
slowed down after 21 DAS and ended up not being significantly different from the control by the final harvest. On the other hand, a
considerable upward trend in growth under WR came later in the cycle
between 21 and 28 DAS. Fig. 4 shows the progression of the total accumulated biomass over time, and captures these shifts in growth rate.
It can be observed by following the WG line, the early dominant trend
in biomass begins to diminish upon reaching 21 DAS and crosses under
the trends of the WR and WFR treatments at ∼21 and 23 DAS, respectively, and meets up with the W control data point at 28 DAS. Since
this observation occurred consistently for each replicated cycle, this
indicates that the lettuce plants could detect the enriched G light conditions early in growth, triggering increased leaf expansion, then
switching off the response when a certain maturity level is reached.
This is consistent with the evolutionary possibility that seedlings
growing under a shaded canopy can detect the relatively enriched G
light, triggering more rapid expansion and extension to become more
light-competitive, which has been referred to as “G light-induced shade
avoidance” (Zhang et al., 2011; Wang et al., 2015). When a certain
stage of development or biomass is accumulated, the energy expended

2.6. Secondary metabolite analysis
Lutein was the main secondary metabolite analyzed. The extraction
procedure was modified from Perry et al. (2009). 100 mg (in duplicate)
of freeze dried and ground plant tissue was weighed, and soaked in
5 mL of methanol (100% CH4O, Fisher Scientific) overnight at 4 °C. The
samples were then centrifuged at 3500 rpm at 4 °C for 12 min and the
methanol layer was decanted off into Reacti-Vap evaporator vials
leaving behind pelletized plant material in the centrifuge tubes. 5 mL of
tetrahydrofuran (99% anhydrous C4H8O, Fisher Scientific) was added
to the pellet, and centrifugation was repeated three additional times. In
between each centrifugation, the decanted solvent layer was evaporated under N2 gas leaving behind a concentrated extract in the vials.
The final extract was resuspended in 1 mL of 2:1 ethanol:methyl tertiary
butyl ether (MTBE), filtered through 0.2 µm filters, and analyzed via
HPLC (Agilent 1260, Santa Clara, CA).
2.7. Statistical analysis
The experiment consisted of three replications of 28 day crop cycles.
During each cycle, 70 plants (n = 10 plants per treatment × 7 treatments) were harvested on 14, 21, and 28 DAS, making a total statistical
population of 630 plants (210 per cycle). Statistical analyses were
performed using GraphPad Prism (Version 6.00, GraphPad Software, La
Jolla, CA). Significance at the 0.05 level of significance was conducted
with a one-way analysis of variance (ANOVA) followed by Tukey's
multiple comparisons test.
3. Results and discussion
3.1. Effects of light recipes on growth and morphology
The impacts of the light treatments on the growth of lettuce were
observed as early as 7 DAS. Fig. 2(a) shows images of the lettuce plants
under all treatments at 14 DAS. The darker pigmented plants under the
WB and RB treatments were expected since high B light is effective for
the cryptochrome-driven production of anthocyanin (Meng et al., 2004;
Vaštakaitė et al., 2015), and both contained at least 40% B light.
However, there were early effects on morphology for the lettuce grown
under the WG treatment that were unexpected. Compared to the other
treatments, WG exhibited early hypocotyl elongation and a more rapid
expansion of the initial true leaf by 7 DAS. As shown in Fig. 3(a), the
early vigorous growth under WG translated into significantly higher
fresh mass compared to the W control by 14 DAS. All other supplemental treatments and RGB + FR were not significantly different from
the control at this stage, while RB resulted in significantly lower fresh
mass. The growth under WG was also more uniform as shown by the
slightly lower standard deviation ( ± 0.25). As for the cause of the WG
response, early stem elongation has been previously reported in Arabidopsis thaliana seedlings grown under G light, and genetic analyses
indicated that the response was independent from cryptochrome,
phototropin, or phytochrome participation (Folta, 2004). These genetic
analyses allude to the potential existence of a novel G light-activated
photoreceptor that promotes early stem elongation in some plants, and
antagonizes growth inhibition. Therefore, the WG light recipe could be
used strategically as a beneficial application for young crops such as
baby lettuces, or the recent rise in interest for microgreens (Samuolienė
et al., 2013; Kyriacou et al., 2016), which are also being considered for
use in space (Kyriacou et al., 2017).
Fig. 2(b) shows images of the lettuce plants under all treatments at
21 DAS. The most notable attribute at this stage of the cycle was canopy
closure and the onset of exponential growth for all treatments. Canopy
4
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Fig. 2. Morphology of ‘Outredgeous’ lettuce under all light treatments at (a) 14 days after sowing (DAS) and (b) 21 DAS.

on elongation is no longer needed and growth rate adjusts (Folta and
Maruhnich, 2007).
Fig. 4 shows that growth rate under the RGB + FR never declined,
and sustained markedly greater biomass accumulation from 19 to 28
DAS, compared to all other treatments. The enhanced lettuce growth
observed by Kim et al. (2004) under similar RGB ratios was successfully
reproduced in this study, and could be improved further by the addition
of FR. The addition of G was shown to be beneficial early on under WG,
but the growth results under RGB + FR demonstrate that it was not the
addition of G light alone that was beneficial overall, but rather the ratio
of G light in conjunction with other wavelengths (ratios ≈ R > G >
B). Johkan et al. (2012) demonstrated that the actual waveband of G is
also equally important to consider (Liu et al., 2016, 2017). Depending
on latitude and elevation, the R:G:B ratios in sunlight on a clear day
around noon (peak intensity) can often be close to ∼50:30:20, respectively. With this in mind, it could be possible that light recipes
resembling these ratios are inherently more conducive for enhancing
growth of certain types of lettuce under certain environmental conditions.
In terms of shoot dimensions, the WFR treatment showed the
greatest shoot height, while being comparable to WG and RGB + FR in
shoot diameter. This indicates that the lower R/FR ratio (1.7) as presented in Table 1, increased elongation under WFR and signaled more
partitioning into petiole tissues versus leaf tissue. Whereas in the

RGB + FR plants, a higher R/FR ratio (3.1) resulted in increased expansion of leaf tissue without excessive elongation of petioles. Since
petioles are mostly vascular tissue for transporting water and nutrients
throughout the plant, the energy expended on lateral leaf expansion
seemed to have a greater influence on overall biomass than that of
petiole elongation (Park and Runkle, 2017). Conversely, the RB and WB
treatments remained relatively dwarfed compared to the control, with
the WB being comparable to the control in terms of shoot diameter,
indicating that the additional wavelengths in WB increased morphological expansion slightly more than RB alone. Either way, the high flux
of B light appeared to be the major influence on morphology and inhibition of elongation.
Fig. 5 shows the side-by-side treatment effects on morphology between representative lettuce plants harvested at 28 DAS. Despite the
pronounced differences in morphology, the only treatments significantly different from the control in terms of yield (dry mass) were
RB and RGB + FR (Table 2). This suggests that the W + supplemental
treatments had a greater influence on morphology than on yield, indicating that there was greater influence on where the biomass was
allocated, rather than the rate at which biomass was accumulated. It
should be noted that the fresh mass of WR was comparable to
RGB + FR, indicating that treatments enriched with R light coupled
with suitable portions of G and lower portions of B, exhibited greater
water-storage capacity in the plant tissues compared to all other
5
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Fig. 3. Fresh mass of ‘Outredgeous’ lettuce plants under all light treatments at 14 and 21 DAS (a), and shoot diameter at 14 and 21 DAS (b). Means with different
letters are significantly different at the 0.05 level of significance by Tukey's multiple comparisons test (n = 30 per treatment).

treatments (see Table 1). Additionally, Fig. 5 also shows the differences
in leaf texture between the treatments. W, WR, and RGB + FR treatments had a more wrinkled and puckered leaf texture resulting in
thicker leaves, while the WG and WFR had smoother textures in which
the leaves appeared thinner and were more fragile when handling. In
support of this observation, the SLM results for W, WR, RB, and
RGB + FR were comparable, while the WG and WFR SLM values were
the lowest, despite having leaf areas considerably higher than the
control (Table 2). This indicates that leaf mass values per unit area were
in fact lower because the WG and WFR treatments resulted in thinner
leaves. This is a plausible phenomenon in recognizing that since both G
and FR light easily penetrate leaf tissue, lettuce could respond to G and

FR-enriched light environments by adjusting its morphology to produce
thinner leaves, which allows more radiation to reach lower canopy
regions.
For the estimated chlorophyll content, Table 2 shows there was no
significant difference between the W, WB, RB, WG and WR treatments,
while the two treatments containing FR (WFR and RGB + FR) were
significantly lower. However, the downward trend can also be observed
for the WG and WR treatments. This phenomenon can be attributed to a
dilution effect, and has been observed in previous studies in which
supplemental FR treatments significantly increased dry mass (Li and
Kubota, 2009). The biomass dilution effect has been previously described as the increased accumulation of total non-structural

Table 2
Influence of LED light recipes on leaf area, specific leaf mass (SLM), leaf number, fresh mass, dry mass, shoot height, shoot diameter, and estimated chlorophyll
content at 28 DAS.
Parameter

Treatmenta
W

RB

WB

WG

WR

WFR

RGB + FR

Leaf area (cm2)
SLM (mg/cm2)
Leaf number
Fresh mass (g)
Dry mass (g)
Shoot height (cm)
Shoot diameter (cm)
Chlorophyll estimate (a.u.)

731.7 abb
2.46 ae
14.3 a
22.8 ac
1.79 bc
21.1 a
36.9 a
35.5 a

620.2 a
2.37 ce
15.3 a
19.1 b
1.47 a
19.0 b
27.9 b
35.2 a

667.4 a
2.27 abc
14.5 a
21.1 ab
1.52 ab
19.1 b
34.8 a
35.9 a

822.0 bc
2.17 cd
14.0 a
25.6 cd
1.79 bc
24.2 cd
42.2 cd
32.6 a

858.4 c
2.42 ae
14.8 a
27.3 de
2.08 c
23.2 c
40.8 c
33.3 a

935.1 cd
2.06 d
16.6 b
26.2 cd
1.91 c
26.5 e
43.5 d
26.8 b

1006.0 d
2.54 e
17.7 b
30.1 e
2.55 d
24.7 d
43.9 d
26.8 b

a

See Fig. 1 and Table 1 for spectral characteristics.
Values for the same parameter with different letters are significantly different at the 0.05 level of significance by Tukey's multiple comparisons test (n = 30 per
treatment).
b
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similar. In response to light treatment, it appears the concentration
trend was influenced by plant morphology and biomass, since the
treatments with the highest nutrient levels can be correlated to the
treatments that resulted in smaller plants with lower biomass accumulation. The lowest nutrient levels were found under the treatments
that resulted in larger plants, which similar to chlorophyll, can also
most likely be attributed to a biomass dilution effect.
That being the case, this is evidence that the total nutrient uptake
rate remained similar under all light treatments for the entire 28 day
cycle. Therefore, light recipes that are designed to promote shorter
growth, allow plants to bioaccumulate greater loads of elemental nutrients over time, boosting their nutritional value. The RB and WB
treatments demonstrated this effect in similar fashion, except for in K,
where the WB treatment was higher compared to all treatments. The
response to WG was similar to the control in all instances, while WR
and WFR trended lower but were statistically comparable to the control
except with K, where the WR and WFR plants had significantly lower
levels. The RGB + FR treatment was statistically lower in all elements
due to higher biomass accumulation and a greater dilution effect.

3.0
Total Biomass Accumulation (g)

W (Control)

d

WB

2.5

WR
2.0

c
c
bc
bc
ab
a

WFR
RGB+FR

1.5

WG
RB

1.0

0.5
0.0

14

21
DAS

28

Fig. 4. Total biomass accumulated (dry mass) in ‘Outredgeous’ lettuce plants
over time for all light treatments. Means with different letters are significantly
different at the 0.05 level of significance by Tukey's multiple comparisons test.
All data points at each DAS are averages of 30 measurements.

3.3. Effects of light recipes on secondary metabolite production

carbohydrates (starch, sucrose) (TNC) relative to the content of nitrogen (N)-based proteins (Poorter et al., 1997; Taub and Wang, 2008).
Hence, the dilution effect on chlorophyll content observed here indicates that the plants grown under conditions that promote increased
leaf expansion undergo this expansion at the expense of lowering the
ratio of total organic N occurring in the leaves.
Alternatively, the changes in morphology could potentially be influential at the cellular level. Light spectra enriched with G, R, or FR
that increase biomass and tissue expansion could also increase the intracellular volume, changing chloroplast distribution and movement in
a manner that decreases the probability of interacting with the light
beams of a chlorophyll meter, hence yielding a lowering effect on relative chlorophyll estimates. It has previously been reported that
chloroplast movement can have pronounced effects on SPAD readings
(Hlavinka et al., 2013). For instance, certain light conditions encourage
chloroplast migration from face position (along cell walls perpendicular
to the incident light) to side position (along cell walls parallel to incident light) (Naus et al., 2010). Inevitably, changes in morphology
could alter intracellular architecture to exhibit a similar response under
certain low light spectra to possibly facilitate light transmission into
deeper layers of leaf tissue.

Lutein is a xanthophyllic carotenoid compound synthesized by
plants either under high light intensities for photoprotection, or is
triggered under certain light spectra. Since the light levels used here
were considered to be low light (∼180 μmol m−2 s−1), this investigation sought to understand the production of lutein in response to light
spectrum alone, keeping intensity constant for all treatments. Lutein is
of interest to NASA due to its ability to reduce macular degeneration
and cataract development (Brazaityte et al., 2015). In microgravity,
astronauts frequently experience pressure changes in the intracranial
fluid that negatively affect eye health. Meanwhile, it has been shown
that consumption of more than 2.4 mg of lutein/zeaxanthin daily from
foods was significantly correlated with reduced incidence of nuclear
lens opacities in a study conducted over a 15-year period
(Barker, 2010). Zeaxanthin, a similar compound to lutein, was also
analyzed but occurred at levels not distinguishable in the HPLC chromatogram in our testing. Lutein and zeaxanthin have very close isomeric-type chemical compositions, with Lutein often being dominant
(Demmig Adams and Adams, 2002). As shown in Fig. 7, the highest
lutein accumulation was observed in plants grown under RB, whereas
WB, WG, and WR were not significantly different from the W control.
Although the significantly lower lutein under WFR and RGB + FR
suggests a similar dilution effect as seen in the elemental analysis, a
closer evaluation may indicate that leaf pigment combined with morphology, may have concurrent impacts on lutein accumulation. For
instance, the lutein levels under WG were not significantly different
from the control, but they were also not statistically different from the
WFR treatment. As noted previously, the WG and WFR plants visually
exhibited the greatest suppression of anthocyanin pigmentation. While
B light supplementation has been commonly shown to enhance anthocyanin accumulation (Li and Kubota, 2009), these results support
that spectra enriched with G or FR light can suppress anthocyanin

3.2. Effects of light recipes on elemental nutrient accumulation
A total of eight elements were analyzed from the freeze dried plant
tissues at 28 DAS, however Fig. 6 presents the results of only the four
highest concentrated elements (Ca, Mg, K, and P) that are also considered as targets by the NASA Human Research Program (HRP) to
supplement astronaut nutrition (Massa et al., 2015b). As observed in
Fig. 6, the lettuce plants had a higher affinity to accumulate K than any
other nutrient analyzed, followed by P, while Ca and Mg loads were

Fig. 5. Morphology of ‘Outredgeous’ lettuce grown under different light treatments of W, RB, WB, WG, WR, WFR, and RGB + FR at equal PPFD levels of
∼180 μmol m−2 s−1 harvested at 28 DAS.
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Fig. 6. Accumulation of elemental calcium (Ca), potassium (K), magnesium (Mg), and phosphorus (P) in lettuce plants harvested at 28 DAS. Means with different
letters are significantly different at the 0.05 level of significance by Tukey's multiple comparisons test (n = 30 per treatment).

production, which is closely linked to lutein accumulation. It must also
be noted that WG, WFR, and W treatments are composed of 57%, 48%,
and 48% G light, respectively, which all trended lower in lutein than
RB, WB, and WR treatments. The impact of the RGB + FR on lutein was
unexpected. Despite having significant visual pigmentation, it appears
that dilution effects from the substantial biomass accumulation override
the impact of pigment-induced lutein accumulation.

with discrete LEDs to identify light recipes for ‘Outredgeous’ lettuce
grown under ISS-relevant conditions. The impact of this approach was
more influential on plant morphology than on biomass accumulation.
However, as a result of the influence on morphology, this yielded secondary effects on the extent of phytonutrient accumulation and secondary metabolite production. By using this approach, it was identified
that the WB and RB recipes, were best for obtaining shorter plants with
higher concentrations of nutrients. In particular WB was optimal for K
content in leaf tissue, and RB was optimal for lutein accumulation. Even
though WG, WR, and WFR were not statistically different from the W
control in terms of yield, this approach revealed they induced different
impacts at various stages of the growth cycle, and the potential for

4. Conclusion

Lutein Accumulation mg·g-1 (DW)

This investigation has evaluated the impacts of WLEDs on plant
growth, and demonstrated a strategic approach of combining WLEDs
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Fig. 7. Accumulation of Lutein in lettuce plants harvested at 28 DAS. Means with different letters are significantly different at the 0.05 level of significance by Tukey's
multiple comparisons test.
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dynamic light management. For instance, the early rapid growth of the
WG recipe could be a strategy for young crops or microgreens. It would
also be informative to see if the lighting strategy could be switched
from WG to WR or RGB + FR at 21 DAS to further optimize the overall
yield, or switched from WB/RB to WR to provide a balance of yield and
nutrients. The intention of this study was to open a new perspective of
utilizing WLEDs, and serve as a call for further exploration into the
effects of this lighting approach on other crops. As for the performance
of the RGB + FR recipe, it was shown that these light ratios were optimal for the yield of ‘Outredgeous’ lettuce under our conditions.
Nevertheless, this light recipe should not be perceived as an optimal
lighting regime for all crops or cultivars. The PPFD and daily light integral (DLI ≈ 12 mol m−2 day−1) used in this study were relatively low,
yet sufficient for lettuce growth, especially for spaceflight plant
chambers. Still and all, responses may be different under higher light
intensities. Each of the light treatments tested here had their own
benefits for plant growth, and it is a matter of selecting the appropriate
lighting regime to meet the needs of the grower. In this instance, the
growth response of ‘Outredgeous’ lettuce under various light recipes
has been investigated, and can be applied for use in space, or in commercial food production on Earth.
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