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Abstract

:

It has been well documented that far-red radiation (FR; 700–799 nm) elicits a shade-avoidance/shade-tolerance response across a wide range of plant species. Most sole-source lighting is relatively low in FR compared to sunlight (i.e., 2% vs. 20% of photons, respectively, integrated between 400 and 799 nm). The objective of this experiment was to determine if the photomorphogenic response to FR is a useful strategy during the seedling stage to promote leaf expansion in the hopes that subsequently transplanted seedlings would increase radiation capture resulting in higher harvestable biomass. Lettuce (cv. ‘Rex’, ‘Red Oak’, and ‘Green Grand Rapids’) seedlings were exposed to 5, 10, 20, or 30 µmol·m−2·s−1 of supplemental FR for a duration of 10 d in a growth chamber for 20 h daily. During this stage, all seedlings received background light levels of 195 µmol·m−2·s−1 PAR light from white LEDs for 20 h daily. Seedlings were transplanted into a nutrient film technique (NFT) hydroponic system in a separate growth chamber with LED fixtures that supplied white light at 295 µmol·m−2·s−1 for 16 h daily (DLI = 17 mol·m−2·d−1) until they were harvested at 35 d from seeding. At transplant, fresh weight, leaf area, and plant height were significantly greater for all cultivars exposed to 30 µmol·m−2·s−1 of supplemental FR radiation compared to the 5 µmol·m−2·s−1 control. Fresh weight increased by an average of 35% under 30 µmol·m−2·s−1 FR. Mature plant dry biomass increased by 14% when seedlings were exposed to 30 µmol·m−2·s−1 of supplemental FR radiation. Increasing far-red radiation consistently increased plant growth at the seedling stage, but these increases were generally overcome by maturation.
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1. Introduction


Controlled environment agriculture (CEA) is a novel approach to agriculture in which crops are grown in a protective structure [1]. CEA’s capacity to produce plant crops on a year-round basis is a key component to its viability. Light, the catalyst of photosynthetic reactions, can be a limiting factor, most notably during winter months in middle to high-latitude regions worldwide [2]. Producers in these regions have overcome low periods of daily light integral (DLI) using supplemental radiation via electric lamps [3]. Similarly, sole source lighting production systems (i.e., vertical farms, warehouse farms, or plant factories) rely entirely on light photons produced through electricity. Technological advancements in the illumination space have given these growers significant control and options over this variable. However, there are vast energy implications involved in using horticultural lighting [4,5]. High-intensity discharge (HID) fixtures, such as high-pressure sodium (HPS) and metal halide (MH), are the most widely used technology in supplemented greenhouses and non-stacked (single-layer) sole source operations. A Department of Energy (DOE) report stated that 98% of greenhouses and 86% of non-stacked sole source operations employed HID fixtures [6]. These lighting options offer broad-spectrum illumination but do so with poor efficacy (µmol J−1) and control [7,8,9,10]. Light-emitting diodes (LED), the most prevalent form of solid-state lighting, have exceeded all other horticultural lighting technologies in terms of efficacy, lifetime, performance, versatility, and color quality [11,12,13]. Among the best-performing HID fixtures in terms of efficacy are double-ended HPS (DE HPS) at 1.72 µmol J−1 [14] compared to that of industry-leading LED fixtures at 3.69 µmol J−1 [15]. According to Lee et al. [6], if all sampled supplemental greenhouses and single-layer sole source operations adopted LED lighting, they would save, respectively, 31% and 35% of their lighting electricity costs annually.



Continued advancement of LED technology has also delivered unparalleled spectral control allowing growers to spectrally tune their lighting fixtures to increase yields. Manufacturers produce LEDs in far-red (FR; λ = 700–799 nm), red (R; λ = 600–699 nm), green (G; λ = 500–599 nm), and blue (B; λ = 400–499 nm) narrow-band spectra [16]. In addition to these narrow-spectrum LEDs, broad-spectrum phosphor-converted white LEDs are available. White LEDs are short-wavelength LEDs (typically blue) with a luminescent phosphor coating that absorbs blue photons and luminesces them at a broader spectrum of lower energy (i.e., higher wavelengths) [16]. White LEDs are considered the workhorse of SSL (solid-state lighting) due to their application in general lighting used for human vision. Because of their popularity, they are manufactured in larger quantities, which reduces the cost per diode at the production level.



Until recently, most LED fixtures intended for horticultural use incorporated primarily R and B light [11,17]. The rationale was their close correlation with the chlorophyll absorption spectrum, which shows peak absorption in the blue and red regions within photosynthetically active radiation (PAR; λ = 400–700 nm). At the time, these spectra were also widely available and fairly energy efficient. This spectral combination produces a magenta hue that is commonly associated with horticultural LED fixtures. However, R and B LEDs may omit spectra required for optimum plant morphology, yield, or quality. FR is among these neglected spectra. The traditional paradigm of weighting photons [yield photon flux (YPF)] used for photosynthetic processes was based on the quantum yield of photosynthesis (CO2 assimilation) measurements [18,19] under narrow wave bands. A sharp reduction in the quantum yield of photosynthesis below 400 nm and above 685 nm across numerous plant species provided researchers with evidence to discount FR’s contribution to photosynthesis, therefore excluding it from the definition of PAR [18,19,20]. However, these measurements did not account for synergistic relationships amongst multiple wavebands. Emerson et al. [21] observed a photosynthetic enhancement of long-wave radiation when supplemented with shorter wavelength photons. Similarly, recent research has revealed that FR photons (up to 750 nm) have equivalent effects on photosynthesis to traditional PAR photons when added to shorter wavebands [22] and are in fact necessary for efficient photochemistry [23].



Calculations of photosynthetic efficiency under electric-sourced lighting do not adequately model growth responses due to the photomorphogenic and thermal effects of radiation adjacent to PAR [24,25,26]. Plants use environmental cues, for example, light perception, to modulate their developmental programs (i.e., reproductive status) and physiological apparatuses (i.e., pigment synthesis and movement) [27,28]. These adjustments are made as plants perceive specific wavelength radiation through various photoreceptors. FR radiation is absorbed by the photoreceptor phytochrome. Five phytochromes (phyA–E) can be classified into two groups: type I (phyA) is light-labile, and type II (phyB–E) is light-stable. Among these, phyA and phyB are the best characterized [29], however, each of these photoreceptor proteins plays critical roles in seed dormancy and germination, seedling de-etiolation, plant height, neighbor perception (shade avoidance), flower induction, inhibition or promotion of cell growth, chloroplast development, and gene expression responses [28,30]. Phytochrome has a unique ability to change its conformation between an active form, phytochrome far-red (Pfr), which has a maximal absorption at 730 nm, and an inactive form, phytochrome red (Pr) which has a maximal absorption at 660 nm [31]. These interconvertible forms are photoreversible and stabilize under consistent spectra into a characterizing ratio of Pfr to total phytochrome (Ptotal), called phytochrome photo-equilibrium (PPE) or phytochrome photostationary state (PSS). In high R:FR environments, inactive Pr is converted to active Pfr at a higher rate than the opposite conversion, increasing PPE.



PhyB is responsible for the photomorphogenic response known as shade avoidance syndrome (SAS) or neighbor detection [30,32]. It is a soluble chromoprotein localized in the cytoplasm in the dark and translocates to the nucleus in a light-dependent manner where it regulates gene expression [29,33,34]. In full sun, active phyB (PfrB) accumulates in the nucleus where it physically binds to phytochrome interacting proteins (PIF) [34]. PIF family members manage phytochrome responses including shade avoidance [35]. Their interaction with PfrB targets PIF proteins to degradation via the proteasome, resulting in the deactivation of genes induced by shade [34]. Conversely, a shaded environment rich in FR photons converts more phyB into the inactive form (PrB). PrB does not interact with PIF proteins, allowing them to bind to a G-box DNA motif, promoting the expression of genes that govern shade avoidance [35].



Solar PPE in full sun and shade is roughly 0.70 and 0.20, respectively. The phenotype associated with plants grown in low PPE (shade; FR-enriched light) is generally not desirable in agricultural commodities. Ecologists categorize plants into shade-avoiding and shade-tolerant species [36] based on their responses to shaded environments. A low PPE increases stem, internode, and petiole length in Arabidopsis thaliana and other dicots [37,38,39,40]. These species are generally intolerant of shade. Shade-tolerant species, like lettuce, favor leaf expansion over stem elongation [41]. Additionally, leaf length is increased while leaf mass per leaf area (LMA) is reduced [42,43]. Similarly, though harder to subjectively notice, plants grown under excessively high PPE (very low FR) are also undesirable (i.e., too compact, low yield). As mentioned previously, many LED manufacturers fail to use FR LEDs, resulting in PPE values found in crop canopies being higher than that of full sun. Even broad-spectrum white LEDs often produce minimal FR radiation (~2%). Tomato plants (Solanum lycopersicum L.) grown under PPE above solar have been shown to have decreased leaf area, dry mass, and fruit production [44].



The effects of supplementary FR on the growth and development of CEA crops grown under LEDs need further exploration, yet trends have emerged in photosynthetic and morphological benefits with supplementary FR on a species-specific level. Lettuce (head and leaf lettuce combined) is the third most consumed vegetable in the United States per capita [45]. Incorporating FR radiation increases lettuce leaf area in sole-source experiments, which increases incident photon capture throughout the crop canopy leading to higher yields [46]. However, limits on the fraction of FR incorporation exist. Researchers reported FR-induced bolting in lettuce under spectra that incorporated 25% and 36% FR (percent basis; λ = 400–800 nm) [47]. Bolting in lettuce is the transitory period in which the plant shifts from vegetative growth to a reproductive stage. Upon bolting, lettuce takes on a bitter taste and marketability decreases sharply [48]. Thus, FR lighting of lettuce for the whole crop cycle may result in unwanted early bolting. Elucidating target intensities and temporal strategies of supplemental FR radiation used in lettuce growth has the potential to help CEA growers obtain more value out of their LED lights. High yields along with high-quality lettuce harvest improve not only the production cycle of this important and popular crop but also the livelihood of today’s CEA farmers.



The objective of this study was to investigate the effects of increased supplemental FR on the morphology of lettuce seedlings. Additionally, this study aims to track the subsequent impacts of early developmental FR exposure when seedlings are transplanted to the finishing stage in the absence of supplemental FR. It is hypothesized that increasing supplemental FR at the seedling stage will increase plant canopy size resulting in greater photon capture and growth throughout the plant’s life cycle.




2. Materials and Methods


Stone wool hydroponic growing media sheets (200-cell AO plugs; Grodan, Roermond, Neth.) were halved crosswise and placed in 25.4 × 25.4 cm irrigation trays with perforated bases. Seeds of L. sativa (cv. ‘Green Grand Rapids,’ ‘Rex,’ and ‘Salanova® Red Oak’) were placed in dry media sheets at a rate of one seed per cell. Cultivars were individually grouped and randomly assigned a position within the media. Trays were submerged in a nutrient solution containing 150 mg·L−1 N (5 N-12 P-26 K + CalNit; Jacks Nutrients, JR Peters Inc. Allentown, PA, USA) until the media became fully saturated. At that point, they were promptly removed, allowing the excess solution to drain. A translucent humidity dome was placed over the tray upon positioning inside a walk-in growth chamber (M-1; Environmental Growth Chambers, Chagrin Falls, OH, USA). Growth chamber parameters were set to maintain a day-time temperature of 24 °C and a night-time temperature of 19 °C. Illuminance was measured using a spectroradiometer (PS-300; Apogee Instruments, Logan, UT, USA) by mapping the growing area at canopy height in a 15.24 cm grid pattern. All measurements in each grow area were averaged and reported as a single value. Light mapping was performed before and after each experimental replication to confirm fixture output. Photosynthetic radiation was provided by broad-spectrum white LEDs (QB324 V2; Horticulture Lighting Group, Westerville, Ohio, USA) at an intensity of 100 µmol·m−2·s−1 (Table 1; Figure 1a) for 16 h·d−1. Propagules remained in this germination environment for 48 h.



Post-germination period, humidity domes were removed from seedling trays and seedlings were exposed to a novel lighting regime that consisted of broad-spectrum white LEDs (QB324 V2) provided at 200 µmol·m−2·s−1 (λ = 400–799 nm) supplemented by narrow spectrum FR LEDs (λ = 736 nm) (XLamp XP-E; Cree, Research Triangle Park, NC, USA) for 20 h (Figure 1a). Seedling trays were randomly assigned to FR radiation treatments: 5 µmol·m−2·s−1 (control; ambient FR from the white LEDs, no additional FR), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 (Figure 1a–d). Seedling trays were placed within individual 0.61 m × 0.91 m partitions where they remained for 10 d (Figure 2a–b). Randomly selected seedlings from each treatment and each cultivar were transplanted into a hydroponic nutrient film technique (NFT) system to continue growth to reach maturation (Figure 2c). The NFT system was located in an adjacent and identical growth chamber (M-1) with identical environmental set points. Supplemental FR was removed at this time and transplants grew the rest of their life cycle under broad spectrum white LEDs (QB324 V2) with an intensity of 295 µmol·m−2·s−1 for 16 h·d−1. Plants were randomly assigned a location in the NFT system on an individual basis.



Destructive harvest of lettuce plants for growth assessment occurred at two separate time points: at the time of transplant and maturation (12 and 35 d from seeding, respectively). Seedling parameters collected at the transplant stage consisted of shoot fresh weight, shoot dry weight, length of most mature leaf, hypocotyl length, plant height, leaf area, and leaf number per seedling. For ‘Red Oak’ only, red pigmentation was evaluated using a colorimeter (PCE-CSM 4; PCE Instruments, Jupiter, FL, USA). Leaf colors were defined using L*a*b* color space (CIELAB) coordinates, which standardize color metrics based on three scales: (1) light to dark, (2) red to green, and (3) yellow to blue. Seedlings were lightly pulled from the media and severed at the base of the hypocotyl and immediately weighed on an analytical balance (MS104S; Mettler Toledo, Vernon Hills, IL, USA) for fresh weight. The most mature leaf was selected as the largest leaf above the cotyledons. This leaf was measured with a ruler along with the hypocotyl and total plant height. Leaf area was quantified using a leaf area meter (LI-3100C; LI-COR Biosciences, Lincoln, NE, USA). Seedlings were placed in a paper bag and into a mechanical convection oven (Freas 645; Thermo Electron Corp., Marietta, OH, USA) maintained at 70 °C for a minimum of 3 d. After this period, shoot dry weight was recorded (MS104S). Specific leaf area was calculated as leaf area divided by shoot dry weight. Moisture content (percentage of water mass within plant tissue) was calculated as the difference between fresh and dry weights divided by fresh weight [(Fresh weight–dry weight)/fresh weight × 100].



Mature lettuce heads were harvested by cutting the stem at the top level of the stone wool growing media. Parameters of mature lettuce heads included shoot fresh weight, shoot dry weight, plant height, and leaf area and were conducted as previously described. Additionally, plant diameter, number of leaves exhibiting tip burn, and stem length were recorded. Plant diameter was calculated by measuring a mature lettuce head with a ruler at its widest point, a second measurement perpendicular to the widest point, and averaging these two measurements. Tip burn was evaluated by manually counting the number of leaves per head of lettuce that experienced some degree of tip burn (10 being the maximum score). Stem length was obtained post-leaf separation with a ruler, measuring from the severed stem to the apical meristem.



This experiment was arranged in a randomized complete block design using two factors: intensity of supplemental FR radiation (4 levels) and cultivar of lettuce (3 levels). Each experiment consisted of three replicate blocks for each of the 12 treatment combinations. Each of the four FR lighting factors was randomly assigned to a location within each block at the start of each experiment. Each of the three cultivars of lettuce was randomly assigned a location within each FR radiation factor. All seedlings were randomly assigned a location when transplanted to the NFT system. This experiment was repeated three times. Within each cultivar, three seedlings were randomly selected at transplant per block per treatment (27 replicates) for data collection and two were selected to grow to maturity and subsequent data collection (18 replicates). L*a*b* coordinates of ‘Red Oak’ seedlings were averaged using three randomly selected plants from each block of each experimental replication. L*a*b* coordinates of mature ‘Red Oak’ heads averaged one reading from each of three randomly selected leaves per head of lettuce harvested.



Data were analyzed as a full factorial arrangement using JMP software (version 14.0.0; SAS Institute, Cary, NC, USA). Pairwise comparisons and mean separation by Tukey’s honestly significant difference post-hoc test at p ≤ 0.05 were performed. Data columns that did not meet normalized residual distribution requirements (seedling fresh weight, seedling dry weight, seedling leaf area, and seedling hypocotyl length) were log (ln) transformed.




3. Results


3.1. Seedling Mass


Lettuce seedlings harvested after 12 d had increased fresh weight with increasing FR radiation (p = 0.0261). Seedlings had 35% higher fresh weights when exposed to 30 µmol·m−2·s−1 of supplemental FR radiation when compared to those exposed to 5 µmol·m−2·s−1 of FR across all cultivars (Table 2). Incremental increases of supplemental FR photons, thereby decreasing the R:FR ratio, led to commensurate increases in fresh weight for all cultivars. Seedlings exposed to moderate levels of supplemental FR (10 and 20 µmol·m−2·s−1) had a numerical but not statistically significant increase in fresh weight. The interaction of cultivar with treatment was not significant; all cultivars behaved similarly to increasing amounts of supplemental FR radiation (Figure 3). Dry biomass was not affected by the amount of supplemental FR radiation across the selected cultivars at the seedlings stage (p = 0.1099). The moisture content of seedlings was similar under all FR radiation treatments (p = 0.0626).




3.2. Seedling Morphology


Increases in supplemental FR radiation increased seedling leaf area (p = 0.0487). Averaged across cultivars, seedlings exposed to 30 µmol·m−2·s−1 of FR radiation had 38% greater leaf area than the control plants (Table 3). Though statistically similar, seedlings treated with 10 or 20 µmol·m−2·s−1 FR had a 17% and 29% greater leaf area than the control, respectively. Specific leaf area was not found to be significantly different amongst treatments at the main effect level (p = 0.0993). However, the interaction of treatment by cultivar resulted in significance among the ‘Red Oak’ cultivar only (Figure 4). Increasing levels of supplemental FR radiation resulted in less dry biomass per unit area in ‘Red Oak’ lettuce seedlings at all treatments. The main effect of FR radiation treatment on leaf length resulted in leaves that were on average 26% and 39% longer when exposed to 20 µmol·m−2·s−1 and 30 µmol·m−2·s−1 of supplemental FR radiation, respectively, when compared to the control 5 µmol·m−2·s−1 of FR (Figure 5). The interaction effect of cultivar by treatment was significant regarding leaf length (p = 0.0199). Cultivars ‘Rex’ and ‘Grand Rapids’ produced larger leaf lengths under all levels of supplemental FR radiation when compared to the control. ‘Red Oak’, however, only produced larger leaf lengths under 20 µmol·m−2·s−1 and 30 µmol·m−2·s−1 of supplemental FR radiation (Figure 6). The main effect of FR treatment and the interaction between cultivars by treatment were significant on seedling hypocotyl length (p = 0.0031 and p = 0.0338, respectively). Cultivars ‘Rex’ and ‘Red Oak’ did not exhibit differences between FR treatments, however, ‘Grand Rapids’ hypocotyls were 24% larger when exposed to 20 µmol·m−2·s−1 and 30 µmol·m−2·s−1 of supplemental FR radiation when compared to 5 µmol·m−2·s−1 and 10 µmol·m−2·s−1 of supplemental FR radiation (Figure 7a). Similarly, the main effect of FR treatment and the interaction of cultivar by treatment were significant on plant height (p = 0.0007 and p = 0.0027, respectively). The number of leaves at 12 d was similar amongst all FR treatments (p = 0.2361).




3.3. Seedling Coloration


Leaf coloration of ‘Red Oak’ lettuce seedlings at 12 d was altered by supplemental FR radiation (Figure 8a). L* coordinates (dark vs. light) increased with increased FR radiation (p = 0.0147) indicating that leaf coloration was lighter under increased FR applications. a* (green vs. red) coordinates were similar under all radiation treatments (p = 0.1027) indicating that ‘Red Oak’ seedlings were a similar hue of red across all radiation treatments. b* (blue vs. yellow) coordinates were significantly affected by FR radiation treatments (p = 0.0100) indicating that lower levels of FR radiation produced plants that were bluer and increasing supplemental FR radiation produced a yellowing effect.




3.4. Mature Plant Mass


After the 10-d FR treatments, seedlings were transplanted and grown in a common environment with the control spectrum (2.5% FR) until they were subsequently harvested at the mature stage. Mature head fresh weights numerically increased (16%) with increasing supplemental FR radiation (Table 4). However, fresh weights were statistically similar at all FR treatment levels (p = 0.0554). Dry weights of mature lettuce heads increased when seedlings were given higher levels of supplemental FR radiation (p = 0.0224). Seedlings that received 20 µmol·m−2·s−1 and 30 µmol·m−2·s−1 of supplemental FR radiation had 10% and 14% higher dry biomass at harvest (35 d), respectively. Moisture content was not affected by FR treatment levels (p = 0.7518).




3.5. Mature Plant Morphology


Leaf area, specific leaf area, plant height, head diameter, and stem length of mature lettuce heads were similar amongst seedling FR treatments by the time of mature head harvest (Table 5). All of these characteristics increased numerically with increased supplemental FR radiation; however, none were of significant value. The number of leaves on mature lettuce heads with tip-burn on each head were similar for all FR seedling treatments.




3.6. Mature Plant Coloration


L*a*b* coordinates of mature ‘Red Oak’ lettuce foliage (Figure 8b) were similar across all treatments (p = 0.4860, 0.6996, and 0.9891, respectively).





4. Discussion


With regards to plant production, crop growth rate (CGR; g dry biomass per m2 ground per day) is largely dependent on radiant energy [49,50]. Distinctly, CGR is a metric comprised of two components: net assimilation rate (NAR; grams of dry mass per m2 of leaf per day) and leaf area index (LAI; m2 of leaf area per m2 of ground) [51]. Leaf area is intuitively an integral component of LAI. High blue light environments reduce leaf area through inhibition of cell division and cell expansion [52,53]. Through increased additions of supplemental FR radiation, the current study decreased ratios of B:FR and R:FR which produced seedlings with increased leaf area, LAI, and thus increased CGR. These results are consistent with Meng and Runkle [54] who reported that substituting FR radiation for B radiation promoted leaf expansion and increased shoot mass. Additionally, Legendre and van Iersel [46] reported increased leaf area and canopy cover as the FR ratio increased in relation to white LED light.



Biomass gain is closely correlated with radiation capture efficiency, or the fraction of radiation intercepted by photosynthetic plant parts [55]. At the time of transplant, all seedling cultivars were larger under supplemental FR radiation, yet their developmental stage was no further along as demonstrated by leaf number. In this study, the broadening of leaves was closely associated with higher fresh weights amongst all cultivars. Furthermore, the dry biomass of seedlings remained similar amongst treatments. These two factors could indicate that the increased fresh weight was merely an increase in the vacuolar sequestration of water. Therefore, the increased leaf area may be due to cellular expansion triggered by the cell vacuole exerting turgor pressure on the cell wall. This postulate is partially correct. Plant cells do grow in response to turgor pressure from the cell vacuole [56]. Nevertheless, cell enlargement is typically coupled by commensurate organelle growth [57]. If plants were only taking on increased fresh mass without additional dry mass, plant moisture content would increase with supplemental FR treatments. Remarkably, moisture content was similar across FR treatments (Table 4), indicating that this was not merely a vacuolar sequestration of water. Furthermore, SLA, a metric that indicates the amount of leaf area a plant builds with a given amount of leaf biomass, was also similar amongst all FR treatments at the seedling stage (Table 5). This suggests that plant carbohydrates were allocated similarly with respect to density to seedling structural components across the treatments.



In CEA head lettuce production, healthy and vigorous transplant cohorts are fundamental when trying to maximize harvestable yields on a schedule. The strategy proposed in this study was based on concentrating intensive energy inputs (radiant energy) during a developmental stage when lettuce plants are spaced at their highest density. On a practical level, this strategy maximizes the number of individual plants receiving a resource input while minimizing energy output. Though this work did accomplish the goal of producing vigorous transplants, it did not translate to significantly higher fresh-weight yields at the time of harvest. That being said, dry mass was significantly increased, and the margin of fresh mass was numerically close to a statistically significant value, p = 0.0554. In comparison to the control, mature heads that received 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of supplemental FR during the seedling stage had 11%, 14%, and 16% higher fresh weights, respectively. Additionally, individual cultivars responded differently to FR treatments. At the time of harvest, ‘Rex’ and ‘Red Oak’ heads that were exposed to 30 µmol·m−2·s−1 of FR at the seedling stage had 16% and 33% higher fresh weights, respectively, compared to the control. The same comparison for ‘Grand Rapids’ was only a 7% increase in fresh weight. If the same mixed model is run while excluding ‘Grand Rapids’ from the data set, the main effect of FR seedling treatment would be a significant factor on mature head fresh weight (p = 0.0183). The same adjustment to the leaf area model’s data set would yield a similar result.



The fact that removing ‘Grand Rapids’ from the data set validated the hypothesis, suggests that this cultivar’s morphology is affected by the spectrum to a lesser degree than the other cultivars. At the time of transplant, the hypocotyl length of ‘Grand Rapids’ increased drastically when the ratio of R:FR decreased to 3.3 (or B:FR decreased to 1.9). Furthermore, leaf length and total plant height increased steadily as both ratios decreased. These morphological responses to FR treatments were more pronounced in ‘Grand Rapids’ when compared to both ‘Rex’ and ‘Red Oak’ cultivars at the same stage. However, when higher levels of supplemental FR were removed from the growth spectrum (post-transplant), the ratio of B light, which increased from 17% to 20%, overcame the SAS-induced photomorphogenic responses in ‘Grand Rapids’.



An additional factor to consider is the vast amount of G light in the control spectrum. The base white LED produced about 44% of its photons in the G region. This is a far higher percentage than ambient sunlight which is about 28% G radiation. Similar to FR, G light induces shade-avoidance responses (in the absence of FR) and yields a high photosynthetic value [54,58,59]. Bugbee [51] states that dry mass gain decreases as the fraction of B light increases above 5% to 10%. Acting through cryptochromes, B and G light have antagonistic effects [60,61]. The compounded effects of FR and G light may have been too great for the inhibitory effects of B light in reducing biomass gain at the seedling stage in ‘Grand Rapids’. Meng et al. [54] reported that G light was not as potent as FR at inducing shade signals. Upon transplant and removal of higher levels of FR radiation, B light inhibited G responses resulting in reduced photon capture and reduced CGR leading up to harvest.



Spectral effects on the marketability factors of lettuce are not entirely understood. Plant survivability depends on a transition to a reproductive life phase. However, in lettuce cultivation, this transition, also known as bolting, is undesirable as it creates an unmarketable bitter taste [48]. Environmental stimuli, phytohormones, life stage, and the expression of flowering-related genes affect the onset of bolting [62]. The early signs of bolting begin with rapid stem elongation [63]. Spalholz [47] reported vastly increased stem lengths in ‘Red Oak’ lettuce plants grown under 25% and 36% FR starting after 18 d. These results were not corroborated in the current study which did not find an impact of FR at the seedling stage and bolting (i.e., there were no statistical differences in stem length at the mature stage). This difference is likely due to plants in this study being exposed during a juvenile stage vs. an older stage. Spalholz’s experiment also exposed plants to a longer photoperiod (18 h) and provided fixed quantum distribution treatments throughout the entire crop cycle at lower TPFD (total photon flux density; λ = 400–799 nm) which resulted in slow CGR which may have caused the plants to senesce older leaves earlier in the life cycle. In addition to bolting, the calcium disorder tip-burn can cause economic losses. Increasing the growth rate with high light almost always results in tip-burn [64]. This study, however, did not see qualitative increases in tip burn at the time of harvest between FR seedling treatments (Table 5).



The pigmentation of ‘Red Oak’ foliage resulted in different coloration between FR treatments at the seedling stage. Coordinates for L* revealed leaves that were lighter in color as treatments of FR radiation increased in supplemental intensity. In the same pattern, b* coordinates increased, indicating leaves were more yellow as FR treatments increased in seedlings. Inversely, though not a significant result, a* coordinates decreased meaning red leaves were less red as FR treatments increased. In this study, coloration is used as a proxy for chlorophyll and anthocyanin content. To that end, these seedling results are consistent with previous studies [54,65]. The desired phenotype for red-leafed lettuce is dark red foliage. Since FR radiation treatments reduced the desirable appearance increased yields produce a dichotomy in decision making. Unlike other mass and morphological characteristics, leaf coloration showed no trends whatsoever by the time of harvest. The results indicate that reduction in coloration pigmentation can easily be overcome through spectral manipulation.




5. Conclusions


The present study represents the first known literature on increasing FR during the lettuce seedling stage with potential impacts toward mature harvest. Treating lettuce seedlings with supplemental FR radiation-induced shade avoidance symptoms resulting in increased fresh weight, leaf length, leaf area, and plant height without increasing specific leaf area or moisture content at the transplant stage. Post-transplant under a common spectrum containing only 2.5% FR radiation, dry biomass was increased by the time of harvest (35 d), however, fresh weight, leaf area, plant height, and plant diameter were similar amongst different FR seedling treatments. The current study shows promising results using FR radiation to increase radiation capture efficiency in the early plant stages. Further research prolonging the duration of FR treatments will likely yield more positive results in fresh and dry mass gains.
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Figure 1. Spectral distribution of individual lighting treatments; 4000 K white LED containing 195 µmol·m−2·s−1 PAR with (a) 5 µmol·m−2·s−1 (control), (b) 10 µmol·m−2·s−1, (c) 20 µmol·m−2·s−1, and (d) 30 µmol·m−2·s−1 of FR radiation. 
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Figure 2. Experimental grow configuration of lettuce seedling growth chamber with (a) only far-red LEDs and (b) with base white LEDs. (c) Nutrient film technique chamber with white LEDs. 
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Figure 3. Cultivar (CV) separated fresh weight means (g) of ‘Rex’ (Rx), ‘Red Oak’ (RO), and ‘Grand Rapids’ (GR) lettuce seedlings grown under white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation. Error bars are constructed using one standard error from the mean. 
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Figure 4. Cultivar separated specific leaf area (cm2·g−1 leaf dry weight) means of ‘Rex’ (Rx), ‘Red Oak’ (RO), and ‘Grand Rapids’ (GR) lettuce seedlings grown under white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation. Error bars are constructed using one standard error from the mean. Means with asterisk (*) are significantly different from the control (5 µmol·m−2·s−1) within the cultivar using Tukey’s honestly significance difference test at p ≤ 0.05. 
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Figure 5. Lettuce seedlings grown under white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation. 
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Figure 6. Cultivar separated leaf length (mm) means of ‘Rex’ (Rx), ‘Red Oak’ (RO), and ‘Grand Rapids’ (GR) lettuce seedlings grown under white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation. Error bars are constructed using one standard error from the mean. Means with asterisk (*) are significantly different from the control (5 µmol·m−2·s−1) within the cultivar using Tukey’s honestly significance difference test at p ≤ 0.05. 
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Figure 7. (a) Hypocotyl length (mm) and (b) plant height (mm) of ‘Rex’ (Rx), ‘Red Oak’ (RO), and ‘Grand Rapids’ (GR) lettuce seedlings grown under white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation. Error bars are constructed using one standard error from the mean. Means with an asterisk (*) are significantly different from the control of the same CV using Tukey’s honestly significance difference test at p ≤ 0.05. 
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Figure 8. Lab color space analysis (L*, light–dark; a*, green–red; b*; blue–yellow) for ‘Red Oak’ lettuce (a) seedling and (b) mature foliage grown under seedling treatments of white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation. Mature plants were finished under 295 µmol·m−2·s−1 (λ = 400–799 nm) of white light. Data points represent means. Error bars are constructed using one standard error from the mean. Means with asterisk (*) are significantly different from the control (5 µmol·m−2·s−1) using Tukey’s honestly significance difference test at p ≤ 0.05. 
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Table 1. Spectral characteristics of 4000 K white LED with supplemental far-red (FR; 700–799 nm) radiation treatments. The quantum distribution of the germination and finishing stages were equal to the 5 µmol·m−2·s−1 FR treatment.
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Seedling Treatment Distribution (µmol·m−2·s−1 FR)




	
5

	
10

	
20

	
30






	
Germination (Days: 1–2)

	

	

	

	




	
TPFD 1 (µmol·m−2·s−1)

	
100

	
100

	
100

	
100




	
Seedling stage (Days: 3–12)

	

	

	

	




	
R 2/R + FR

	
0.92

	
0.87

	
0.77

	
0.68




	
R: FR

	
11.4

	
6.8

	
3.3

	
2.1




	
B 3: FR

	
7.6

	
3.8

	
1.9

	
1.3




	
TPFD (µmol·m−2·s−1)

	
200

	
205

	
215

	
225




	
FR/TPFD (%)

	
2.5

	
4.9

	
9.3

	
13.3




	
Finishing stage (Days: 13–35)

	

	

	

	




	
TPFD (µmol·m−2·s−1)

	
295

	
295

	
295

	
295








1 Total photon flux density; λ = 400–799 nm. 2 Red; λ = 600–699 nm. 3 Blue; λ = 400–499 nm.













 





Table 2. Seedling plant mass characteristics. Fresh weight (FW), dry weight (DW), and moisture content of ‘Rex’, ‘Red Oak’, and ‘Grand Rapids’ lettuce seedlings grown under white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation treatment (TRT).
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Mass Characteristic




	
TRT (µmol·m−2·s−1 FR)

	
FW (g)

	
DW (g)

	
Moisture Content (%)






	
5

	
0.29 a 1

	
0.020

	
93.0




	
10

	
0.34 ab

	
0.021

	
93.5




	
20

	
0.37 ab

	
0.022

	
93.8




	
30

	
0.39 b

	
0.023

	
93.9








1 Means with a different letter(s) are significantly different using Tukey’s honestly significance difference test at p ≤ 0.05.













 





Table 3. Seedling plant morphology characteristics for ‘Rex’, ‘Red Oak’, and ‘Grand Rapids’ lettuce seedlings grown under white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation treatment (TRT). Specific leaf area (SLA) was calculated as leaf area divided by leaf dry weight (DW).
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Morphology Characteristic




	
TRT (µmol·m−2·s−1 FR)

	
Leaf Area (cm2)

	
SLA

(cm2·g−1 DW)

	
Leaf Length (mm)

	
Plant Height (mm)

	
Hypocotyl Length (mm)

	
Leaf No.






	
5

	
9.09 a 1

	
478

	
44.69 a

	
53.65 a

	
4.40 a

	
2.95




	
10

	
10.62 ab

	
505

	
50.52 ab

	
59.58 ab

	
4.61 a

	
3.03




	
20

	
11.69 ab

	
523

	
56.49 bc

	
65.96 bc

	
5.27 ab

	
3.04




	
30

	
12.56 b

	
552

	
62.22 c

	
72.68 c

	
5.78 b

	
3.15








1 Means with a different letter(s) are significantly different using Tukey’s honestly significance difference test at p ≤ 0.05.













 





Table 4. Mature plant mass characteristics. Fresh weight (FW), dry weight (DW), and moisture content of ‘Rex’, ‘Red Oak’, and ‘Grand Rapids’ mature lettuce heads grown under white light containing 195 µmol·m−2·s−1 of PAR supplemented with 5 µmol·m−2·s−1, 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation treatment (TRT). Mature plants were finished under 295 µmol·m−2·s−1 (λ = 400–799 nm) of white light.






Table 4. Mature plant mass characteristics. Fresh weight (FW), dry weight (DW), and moisture content of ‘Rex’, ‘Red Oak’, and ‘Grand Rapids’ mature lettuce heads grown under white light containing 195 µmol·m−2·s−1 of PAR supplemented with 5 µmol·m−2·s−1, 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation treatment (TRT). Mature plants were finished under 295 µmol·m−2·s−1 (λ = 400–799 nm) of white light.





	

	
Mass Characteristic




	
TRT (µmol·m−2·s−1 FR)

	
FW (g)

	
DW (g)

	
Moisture Content (%)






	
5

	
64.53

	
3.56 a 1

	
94.4




	
10

	
71.32

	
3.87 ab

	
94.5




	
20

	
73.36

	
4.02 b

	
94.3




	
30

	
75.05

	
4.06 b

	
94.5








1 Means with a different letter(s) are significantly different using Tukey’s honestly significance difference test at p ≤ 0.05.













 





Table 5. Mature plant morphology characteristics for ‘Rex’, ‘Red Oak’, and ‘Grand Rapids’ mature lettuce heads grown under white light containing 195 µmol·m−2·s−1 of PAR with 5 µmol·m−2·s−1 (control), 10 µmol·m−2·s−1, 20 µmol·m−2·s−1, or 30 µmol·m−2·s−1 of far-red (FR) radiation treatment (TRT). Mature plants were finished under 295 µmol·m−2·s−1 (λ = 400–799 nm) of white light. Specific leaf area (SLA) was calculated as leaf area divided by leaf dry weight (DW).
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Morphology Characteristic




	
TRT (µmol·m−2·s−1 FR)

	
Leaf Area (cm2)

	
SLA

(cm2·g−1 DW)

	
Plant Height (mm)

	
Head Diameter (mm)

	
Stem Length (mm)

	
Tip Burn (No. Leaves)






	
5

	
991.8

	
281

	
105.9

	
197

	
16.76

	
0.43




	
10

	
1043.5

	
287

	
107.2

	
199

	
17.73

	
0.81




	
20

	
1072.3

	
291

	
108.3

	
201

	
18.51

	
0.56




	
30

	
1080.5

	
302

	
109.8

	
203

	
18.72

	
0.74
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