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The ratio of active phytochrome (Pfr) to total phytochrome (Pr + Pfr), called phytochrome photo-equilibrium (PPE; also called phytochrome photostationary state, PSS) has been used to explain shade avoidance responses in both natural and controlled environments. PPE is commonly estimated using measurements of the spectral photon distribution (SPD) above the canopy and photoconversion coefficients. This approach has effectively predicted morphological responses when only red and far-red (FR) photon fluxes have varied, but controlled environment research often utilizes unique ratios of wavelengths so a more rigorous evaluation of the predictive ability of PPE on morphology is warranted. Estimations of PPE have rarely incorporated the optical effects of spectral distortion within a leaf caused by pigment absorbance and photon scattering. We studied stem elongation rate in the model plant cucumber under diverse spectral backgrounds over a range of one to 45% FR (total photon flux density, 400–750 nm, of 400 μmol m–2 s–1) and found that PPE was not predictive when blue and green varied. Preferential absorption of red and blue photons by chlorophyll results in an SPD that is relatively enriched in green and FR at the phytochrome molecule within a cell. This can be described by spectral distortion functions for specific layers of a leaf. Multiplying the photoconversion coefficients by these distortion functions yields photoconversion weighting factors that predict phytochrome conversion at the site of photon perception within leaf tissue. Incorporating spectral distortion improved the predictive value of PPE when phytochrome was assumed to be homogeneously distributed within the whole leaf. In a supporting study, the herbicide norflurazon was used to remove chlorophyll in seedlings. Using distortion functions unique to either green or white cotyledons, we came to the same conclusions as with whole plants in the longer-term study. Leaves of most species have similar spectral absorbance so this approach for predicting PPE should be broadly applicable. We provide a table of the photoconversion weighting factors. Our analysis indicates that the simple, intuitive ratio of FR (700–750 nm) to total photon flux (far-red fraction) is also a reliable predictor of morphological responses like stem length.
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INTRODUCTION

Light-emitting diodes (LEDs) provide a high degree of control over spectral output, which can be utilized to manipulate plant photoreceptors, but this manipulation requires an understanding of the photoreceptor activity. The action of phytochrome, the most well studied photoreceptor, has been extensively modeled (Sage, 1992), and our understanding continues to evolve (Sellaro et al., 2019; Smith and Fleck, 2019). In addition to predicting plant morphology in the field, phytochrome models must be able to predict morphology in controlled environments that can have unique background spectra.

Here we describe the historic and evolving modeling of phytochrome action that is largely based on stem/hypocotyl elongation. We discuss how these models have mostly ignored the issue spectral distortion by chlorophyll screening in green plants, and show that accounting for spectral distortion within leaves improves the predictive capability of classic phytochrome models.


A Historic Review of Phytochrome Modeling

Models of phytochrome action were developed in parallel with its discovery. The first models included the photon absorbing pigment phytochrome and reaction partners (Borthwick et al., 1952), where two forms of phytochrome were interconverted by red (R) and far-red (FR) photons. Later, Hartmann (1966) provided a hypothesis to explain how phytochrome controlled the high irradiance response. He simultaneously irradiated hypocotyls with photons at two wavelengths, and explained the results with an estimate of the ratio of Pfr to Ptotal [called phytochrome photoequilibrium (PPE) or the photostationary state (PSS)], where Ptotal is the sum of Pr plus Pfr.

Hartmann’s work was praised by Smith (1973, 1975), who hypothesized that the PPE ratio explained phytochrome regulated responses in mature plants in the natural environment. Morgan and Smith (1976) provided evidence for this hypothesis by showing a direct linear relationship between PPE and the log of the stem extension rate. Morgan and Smith (1979) went on to show that this log linear relationship generally held for multiple species that evolved in a range of environments with the exception of understory plants that evolved in woodland areas, which had either a reduced or absent response. Child and Smith (1987) further built upon this hypothesis, showing that the rapid percentage increase in stem extension rate after applying FR was linearly correlated with PPE.

Smith and collaborators either measured PPE directly in etiolated tissue (Morgan and Smith, 1976; Smith, 1990) or estimated it with the R:FR ratio (Morgan and Smith, 1978, 1979). It is now common to predict PPE from the spectral photon distribution (SPD) above the canopy and photoconversion coefficients: σR for the conversion of Pr → Pfr, and σFR for the conversion of Pfr → Pr. These coefficients are essentially probability functions that predict the likelihood of photon absorbance at a given wavelength and subsequent conversion to the other form. The calculation to estimate PPE following this method is as follows:
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Where Iλ is the incident photon flux density at wavelength, λ. Photoconversion coefficients are calculated from in vitro measurements of the photochemical properties of phytochrome including: (1) absorbance spectra, (2) an estimation/calculation of PPE under actinic red photons, (3) the extinction coefficient of Pr at the peak in the red region (about 668 nm), and (4) quantum yields of Pr → Pfr and Pfr → Pr. Different photochemical properties are provided in at least ten publications (see Mancinelli, 1986, 1988, 1994; Lagarias et al., 1987). Thus it is possible to derive different photoconversion coefficients (Here, the term photoconversion coefficient refers to what has historically been called the photochemical/photoconversion cross-section, whereas the term photoconversion coefficient historically refers to the photochemical cross-section divided by the natural log of 10. Because coefficient is a more friendly term we use this term instead of cross-section).

These photoconversion coefficients, however, are primarily based on phytochrome-A (phyA) and not phyB. The phyB photoreceptor is the primary phytochrome photoreceptor responsible for sensing and responding to shade in the natural environment (Legris et al., 2019). Although phyA plays a larger role during de-etiolation (Mazzella and Casal, 2001), only monogenic mutants deficient in phyB (compared to monogenic mutants deficient in phyA, phyC, phyD, or phyE) appear elongated when grown in white light indicating the dominant role of phyB past the stage of de-etiolation (Whitelam et al., 1993; Aukerman et al., 1997; Devlin et al., 1998, 1999; Franklin et al., 2003; Franklin and Quail, 2010). Some limited evidence suggests that the photochemical properties of phyA and phyB may be similar (Ruddat et al., 1997; Eichenberg et al., 2000). If so, the fact that the photoconversion coefficients are derived primarily from phyA may not be a significant concern.

Estimates of PPE using photoconversion coefficients and the SPD above the leaf were used by Park and Runkle(2017, 2018, 2019) whose data shows a linear (as opposed to log linear) relationship between estimated PPE and stem length in several ornamental species. Overall, PPE estimates have resulted in a negative relationship with stem length. One limitation of most previous studies is that they are typically performed under a single background SPD, and treatments often only change the amount of FR and occasionally the amount of R. Thus, the full extent of the reliability of estimated PPE to predict morphology has not been determined.



Recent PPE Modeling Efforts


The Three-State Model

The model described above (PPE = Pfr / Ptotal) is called the two- state model. A more complex model considers the dimerization of the phytochrome molecule in which the two arms of the dimer are activated independently. This is called the three-state model. It assumes only the Pfr–Pfr homodimer (called D2) is the active form, while the Pr–Pr homodimer (D0) and the Pr–Pfr heterodimer (D1) are both inactive. Therefore the three-state model at photoequilibrium is equal to D2/(D0+D1+D2), which can be calculated by squaring PPE calculated by the two-state model (PPE2; Mancinelli, 1988, 1994). Although there is sufficient evidence to suggest that phytochrome exists as a dimer (Jones and Quail, 1986; Brockmann et al., 1987; Rockwell et al., 2006) the evidence that D_2 is the only active form is at present only based on mathematical analysis (Klose et al., 2015), and further investigation is required.



The Cellular Model

Thermal reversion, phytochrome destruction and nuclear body association/disassociation can either reduce or stabilize the pool of active phytochrome (Rausenberger et al., 2010; Klose et al., 2015). When these factors are considered the model is referred to as the cellular model. Sellaro et al. (2019) described that these other factors mainly play a role at low photon fluxes and/or high temperature, while only photoconversions apply at sufficiently high photon fluxes and low enough temperature. This model is thoroughly described in Smith and Fleck (2019). These complex models have yet to be used in applied research.



Spectral Distortion Within Leaves

Leaves/cotyledons, and not stems/hypocotyls, were shown to be the primary site of red and far-red perception in Cucumis sativus (Black and Shuttleworth, 1974), Sinapis alba (Casal and Smith, 1988a), Arabidopsis thaliana (Tanaka et al., 2002; Endo et al., 2005), and Brassica rapa (Procko et al., 2014), while both organs were shown to be perceptive in a separate study in Sinapis alba (Casal and Smith, 1988b) and the epicotyl was shown to be the primary site of perception in Vigna sinensis (García-Martínez et al., 1987). Upon far-red perception in leaves/cotyledons, signals (including auxin) are transported to the stem/hypocotyl to induce elongation (Tanaka et al., 2002; Procko et al., 2014). From these data, it seems likely that phytochrome in the leaves/cotyledons play a dominant role in controlling stem elongation, with stems/hypocotyls playing a secondary role.

A major issue with using photoconversion coefficients to estimate PPE is that they are applied to the SPD above the leaf, and not the SPD at the phytochrome molecule, which is distorted by chlorophyll and other pigments, as well as cell walls. Photons are scattered within leaves making the light diffuse within leaves (Figure 1). Due to this internal reflection, refraction and diffraction, leaves act as “light traps” wherein the photon intensity in the epidermis can exceed the intensity above the leaf by several fold (Seyfried and Fukshansky, 1983; Vogelmann, 1994). Because the term attenuation specifically refers to a decrease in the photon intensity, we use the term distortion to describe spectral changes in leaves.
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FIGURE 1. Basic principles of spectral distortion and photon scattering within a leaf. (A) A diagram of a cross section of a leaf showing the scattering of photons, which are eventually transmitted, reflected or absorbed. (B) A graphical representation of photon intensity at wavelengths 450, 550, 650, and 750 nm as a function of leaf depth. Because of reflection, diffraction and refraction, the photon intensity in the top layers of a leaf can exceed the intensity above the leaf. The Kubelka-Munk theory was used to calculate photon intensity with depth. The grey horizontal line represents the photon intensity just above the leaf.


Both Morgan and Smith (1978) and Gardner and Graceffo (1982) discuss chlorophyll screening issues stating that estimates of PPE (above the leaf) are only accurate for the top epidermal layer of cells within a leaf. Gardner and Graceffo (1982) suggested that the functional layer of phytochrome must be near the outer epidermal layer because of the linear relationship between PPE and the log stem extension rate seen in Morgan and Smith (1976). These assumptions are invalid because spectral distortions still occur in the epidermis, and additionally, several studies have shown that the peaks of phytochrome regulated action spectra shift to lower wavelengths than the peak absorbance of extracted phytochrome, indicating that some degree of spectral distortion occurs within leaves. For example, Kasperbauer et al. (1963) observed that inhibition of flowering in Chenopodium rubrum was most affected by night break lighting at 645 nm, instead of the expected 660 (or 668) nm, an effect they attributed to spectral filtering by chlorophyll. Similarly, Jose and Schäfer (1978) found that 630 nm photons induced the shortest hypocotyls and internodes in green tissue.

Several attempts have been made to account for spectral distortion within a leaf, especially via Kubelka-Munk theory. The Kubelka-Munk theory describes light propagation within a scattering medium like a leaf (Vogelmann, 1994). It simplifies to the Beer-Lambert law if extinction and scattering coefficients are assumed to be constant and not dependent on fractional distance through the leaf (Evans, 1995). Holmes and Fukshansky (1979) modeled PPE through a green leaf using the Kubelka-Munk theory and estimated that PPE decreased by about 40% as it moved through a leaf under full sunlight. Later, Kazarinova-Fukshansky et al. (1985) used the Kubelka-Munk theory to develop distortion functions that describe photon gradients within zucchini cotyledons. These distortion functions can be multiplied by the phytochrome photoconversion coefficients to develop weighting factors that can be used to predict the action spectra of phytochrome conversions within a certain layer of cotyledon tissue based on the incident photon flux above the leaf. Little has been done to test predictions of PPE with these weighting factors using experimental data. As such, despite the efforts of Kazarinova-Fukshansky et al. (1985), above-the-leaf estimates are still regularly employed.

Because the degree of spectral distortion depends on the specific layer of the leaf, it is important to ask whether all phytochrome is “functional”. The epidermis has been shown to control the rate of elongation (Kutschera and Niklas, 2007; Savaldi-Goldstein et al., 2007), but whether the epidermis is where the light signals are perceived, especially in leaf/cotyledon tissue, remains undetermined. Phytochrome is expressed in all tissue (Somers and Quail, 1995), but Kim et al. (2016) concluded that only phytochrome in epidermal tissue (of the hypocotyl) controlled elongation under continuous R light and end-of-day FR. This conclusion was based on transgenic lines of Arabidopsis thaliana that controlled PHYB expression using hypocotyl-tissue-specific promoters, effectively limiting phyB to specific layers of hypocotyl tissue (i.e., epidermis, cortex, endodermis, and vasculature). Endo et al. (2005) similarly expressed phytochrome in tissue specific organs and found that mesophyll-located phytochrome (in the cotyledons) controlled elongation.

Our objective was to use models of spectral distortion within a leaf (for both epidermal-located phytochrome and homogeneously distributed phytochrome) to improve the predictive relationship between PPE and morphological parameters.



MATERIALS AND METHODS

Two studies were conducted:


1.Cucumber plants were grown for 10–15 days in growth chambers with unique spectral backgrounds and different doses of FR (long-term study).

2.Elongation of photobleached and green cucumber seedlings were compared after 2 days in the growth chambers with a gradient of FR (short-term photobleaching study).



In both studies, multiple models of spectral distortion were used to predict PPE in specific layers of tissue.


Plant Materials


Long-Term Study

Tomato, lettuce, spinach, soybean, and cucumber were screened for sensitivity to FR by applying either a low dose or no added FR. Cucumber was the most sensitive species to FR and was selected for further study (example data from one tomato study is shown in Supplementary Figure 1).

Seeds of cucumber (Cucumis sativus cv. Straight Eight) were planted into 1.7 L pots with a 1:1 mixture of peat/vermiculite by volume amended with 1.6 g per liter of dolomitic lime and 0.8 g per liter Gypsum (CaSO4). Cotyledons emerged 4 days after planting and pots were moved from the greenhouse to the growth chambers (Supplementary Figure 2).



Short-Term Photobleaching Study

Nine cucumber seeds were germinated on black felt saturated with nutrient solution (Utah hydroponic refill solution for dicots, USU Crop Physiology Laboratory, 2020) in each of 22 germination boxes (18 × 16.5 cm2) at 21°C. Black felt was used to minimize ground reflection so photons would primarily enter the cotyledons from above (Supplementary Figure 3). After 3 days the radicle had emerged, and nutrient solution was re-applied, with half of the germination boxes (11 boxes) receiving 50 μM norflurazon in the nutrient solution. Norflurazon is an herbicide that blocks the synthesis of carotenoids, leading to photobleaching in high light, eventually killing the plant. Seeds were then moved into pretreatment conditions: two norflurazon treated and two non-treated boxes were moved into the dark and the remainder of the boxes were moved into a growth chamber with a continuous photosynthetic photon flux density (PPFD) of about 500 μmol m–2 s–1 (Supplementary Figure 4) and a temperature of 20°C to finish emerging. 12% of the seeds either did not germinate or were not vigorous and all boxes had at least 6 seedlings. After 3 days in the pretreatment the norflurazon treated seedlings appeared white with an average hypocotyl length of 1.4 cm and the non-photobleached seedlings had an average hypocotyl length of 1.2 cm. 3 days in continuous light reduces the concentration of highly light-labile phyA, which was shown to be reduced by 50- to 100-fold after 12 h under low red photon flux and was below detectable limits after 7 days in white light (Sharrock and Clack, 2002). This ensured that responses were primarily caused by phyB. The germination boxes were placed in seedling trays with one photobleached and one non-photobleached germination box in each tray. Trays were then placed in the growth chambers for 48 h. This was repeated four times.



Environmental Conditions


Long-Term Study

Temperature was maintained at 27/22°C day/night. Plants were watered as needed (typically every 2–3 days) with a complete nutrient solution at a concentration of 120 mg N per L (Peter’s professional 20-10-20, 20N-4.4P-16.6K; Allentown, PA). Potassium silicate (AgSil16H; Certis United States; Columbia, MD, United States) was added to the nutrient solution at 0.3 mM Si. Chambers were enriched to 850 ppm CO2. All studies contained six replicate plants per treatment. Plants were rotated every other day to minimize any position effects in the chamber. Individual plants were analyzed as replicates. Plant density was 20 plants per square meter.



Short-Term Photobleaching Study

Temperature was maintained at a constant 20°C. The norflurazon treated seedlings lost turgor at low humidity so water was added to the tray and the tray was covered to raise the humidity. Condensation formed on the lid of the seedling trays.



Spectral Treatments

Spectral measurements were made with a spectroradiometer (PS-300; Apogee instruments; Logan, UT, United States). For both the long-term and the short-term studies, three growth chambers (1.25 × 0.9 × 1.2 m3, L × W × H) provided separate background SPD from either cool white LED fixtures, 400-W high-pressure sodium (HPS) fixtures, or white + red LED fixtures. These background spectral distributions are common in controlled environment agriculture and are referred to here as high blue (cool white LED), high green (HPS) and high red (white + red LED). Spectral data for these background spectra are provided in Table 1 and Figure 2.


TABLE 1. Ratios of colors for the three spectral backgrounds.
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FIGURE 2. Representative spectral photon distributions (SPD) of the high blue, high green, and high red spectra used in both the long-term and short-term studies. The dashed dark red line is the SPD of the far-red, which was variable among studies.



Long-Term Study

Each chamber was separated in half with a white reflective board to provide a higher and lower level of FR from LEDs (peak of 730–735 nm). This allowed for two fractions of FR in each trial in time. Cucumber plants in the chambers at the end of one of these studies are shown in Figure 3A. The FR fraction was then varied among trials to achieve a collective range of one to 45% FR across seven replicate trials for a total of 14 doses of FR in each spectral background. Using regression analysis with plant rotation, this provided 84 replicates (six replicate plants × 14 doses of FR) for each spectral background.
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FIGURE 3. (A) Example photo of the plants in the high blue, green, and red chambers from the long-term studies. In this example there was no added far-red (FR) on the right side in each chamber. Treatments were randomized among studies. Each chamber was divided in half to supply two doses of FR. FR LEDs are circled in red. There is a second FR LED on the other side of the background LED (out of view, see Supplementary Figure 2) to improve the uniformity of FR. Additionally, in studies with higher fractions of FR, LEDs were placed across the top of the chamber. Uniformity within and between treatments was ensured by dimming lamps with either power supply capabilities or neutral density window screen. To achieve uniformity of SPD and extended photosynthetic photon flux density (ePPFD), the plants were grown on the sides of each half-chamber. (B) Photo of the experimental set-up for short-term photobleaching seedling study. Each chamber was provided with a high dose of FR on one side of the chamber and the background light source on the other side of the chamber. This provided a gradient of percent far-red decreasing from left to right. FR LEDs are circled in red, and the background light source is circled in its respective color. Seedlings (in germination boxes) were kept in seedling trays that were brought to a high relative humidity by placing water in the bottom of the tray.


Percent far-red (FR fraction) was calculated as:

[image: image]

Because FR photons are photosynthetically active (Zhen and van Iersel, 2017; Zhen and Bugbee, 2020), the extended photosynthetic photon flux density (ePPFD: 400–750 nm) was kept constant among studies. This meant that as FR increased, the traditional PPFD (400–700 nm) decreased. For ePPFD, a cut-off wavelength of 750 nm may slightly overestimate photosynthetic photons (Zhen et al., 2018), but this definition is adequate for FR from LEDs. The average ePPFD was 400 and carefully adjusted so that it varied less than 10 μmol m–2 s–1 among the background spectra in each study. The photoperiod was 16 h. Detailed spectral information showing the 1–45% FR is provided in Supplementary Table 1 and Supplementary Figure 5.



Short-Term Photobleaching Study

The background light fixtures were placed at the top of one side of the chamber and FR LED bars were placed on the other side of the chamber to provide a gradient of FR that increased from right to left while the PPFD increased from left to right. Seedling trays were placed on the left, middle and right sides of the chamber to obtain about 18, 31, and 50% FR for each background spectrum. A photo of the experimental set-up is provided in Figure 3B. The average ePPFD in these studies was 300 μmol m–2 s–1 and varied less than 15 μmol m–2 s–1 among the background spectra. The SPDs for these studies are shown in Supplementary Figure 6. Light was applied continuously for the whole 48 h treatment period.



Estimation of PPE

We calculated PPE (assuming the two-state model) following Eq. 1. We used the photoconversion coefficients derived from the photochemical properties in Lagarias et al. (1987). These are different than other commonly-used photoconversion coefficients (Kelly and Lagarias, 1985; Sager et al., 1988) on an absolute scale, but are similar when normalized to the Pr peak. The absolute magnitudes of the photoconversion coefficients are only important if other rates of phytochrome dynamics, like thermal reversions, are considered.



Estimation of the Three-State Model

We did not account for the additional factors in the cellular model proposed by Rausenberger et al. (2010) and modified by Klose et al. (2015). Sellaro et al. (2019) reported that when the temperature is 25°C, the cellular model reaches 99% of the three-state model (assuming only photoconversions) at a PPFD of about 450 μmol m–2 s–1, and when the temperature is 20°C, the cellular model reaches 99% of the three-state model at a PPFD of about 350 μmol m–2 s–1. These conditions are close to the environmental conditions used in these experiments. Therefore, we used the simplified three-state model assuming the temperature effects on phytochrome reversion were negligible. As mentioned previously, the three-state model is simply calculated by squaring PPE calculated by Eq. 1 (Mancinelli, 1988).



Modeling Spectral Distortion Within a Leaf

We use spectral distortion functions derived from Kazarinova-Fukshansky et al. (1985) to predict spectral distortion at the phytochrome molecule under the assumption that “functional” phytochrome is either (1) only located in the epidermis (top 1% of the leaf), or (2) homogeneously distributed within all layers of the leaf. All curves from Kazarinova-Fukshansky et al. (1985) were obtained using GetData Graph Digitizer1. Kazarinova-Fukshansky et al. (1985) modeled spectral distortion using the Kubelka-Munk theory within 7 days old Cucurbita pepo cv. “Senator” (zucchini), a species closely related to cucumber.

The Kubelka-Munk theory-based distortion functions use transmittance and reflectance measurements, so we include this data in Figure 4A for etiolated and green zucchini seedlings (Kazarinova-Fukshansky et al., 1985). Figure 4B shows the distortion functions for green plants assuming “functional” phytochrome is (1) only in the epidermal tissue (orange lines) or (2) homogenously distributed throughout the whole leaf (purple lines). Figure 4C shows the same distortion functions in etiolated tissue.
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FIGURE 4. Spectral distortion functions developed from zucchini that were used in both the long-term and the short-term studies on elongation in cucumber. (A) Fractional transmittance (solid) and reflectance (dashed) spectra of green and etiolated zucchini cotyledons. Etiolated cotyledons represented norflurazon treated cotyledons. (B) Derived spectral distortion functions for green plants in epidermal tissue (orange) or the whole leaf (purple). (C) Derived spectral distortion functions in etiolated/white seedlings for epidermal tissue (orange) or the whole leaf (purple). All data are derived from Kazarinova-Fukshansky et al. (1985).


The photoconversion coefficients derived from Lagarias et al. (1987) were multiplied by the distortion functions to obtain modeled estimates of phytochrome conversion weighting factors (or action spectra) in specific layers of tissue (Eq. 3).
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Plant Measurements


Long-Term Study

Plants were harvested when the stem length in the highest FR treatment was 25–30 cm long; this occurred 10–15 days after emergence. Stem length, petiole length and leaf area were recorded. Leaf area was measured with a leaf area meter (model Li-3000, LI-COR, Lincoln NE). Leaves, cotyledons and stems were separated and dried at 80°C for 2 days, after which dry mass was measured and percent leaf and percent stem dry mass were calculated by dividing the respective dry mass by the total dry mass.

Stems typically elongate following a sigmoidal curve (Fisher et al., 1996; Björkman, 1999) with exponential elongation in young plants (Morgan and Smith, 1978), followed by linear elongation, and finally, exponential rise to a maximum. This means that elongation is best described as a natural log function in the early stages of growth. For this reason early studies regularly used log-linear stem elongation rates to predict elongation as a function of PPE (Morgan and Smith, 1976, 1978, 1979). Thus in young plants, stem length at day (t) would be equal to:
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Where Stem length (i) is the initial length. We can then calculate the exponential extension coefficient (the natural log of the stem extension rate; lnSER or k in Eq. 4), assuming the initial stem length was equal to one, as follows:

[image: image]

This equation was also used to calculate the leaf expansion coefficient (natural log of the leaf expansion rate; lnLER) and the petiole extension coefficient (natural log of the petiole extension rate; lnPER). Chlorophyll concentration was measured with a chlorophyll meter (model MC-100, Apogee Instruments, Logan, UT, United States).



Short-Term Photobleaching Study

Cucumber hypocotyl lengths were measured with a ruler to the nearest 0.5 mm before and after they were moved into the treatments. The change in hypocotyl length over 48 h was normalized to the elongation of the respective dark control:

[image: image]

Where Lf is the final hypocotyl length, Li is the initial hypocotyl length, and Lc,t1 and Lc,t2 are the average hypocotyl lengths of the dark controls before or after the cucumber seedlings were placed in the treatments. The change in hypocotyl length was normalized to its respective control (with or without applied norflurazon) due to the finding of Casal (1995) in which norflurazon treated seedlings grown in the dark were 15–20% shorter than untreated seedlings. For each replicate in time, the elongation relative to the control for all the seedlings in each treatment were averaged together.



Statistics

All data was analyzed using R statistical software (R Foundation for Statistical Computing; Vienna, Austria). Correlations were determined by calculating the r2 value of a trend-line through the data. Trend-lines used either linear or exponential decay functions. Data was analyzed using a mixed effect linear model using lmer and Anova functions with the F statistic judged to be significant at p < 0.05. The background spectra (e.g., high blue) were treated as a categorical variable, while different methods for analyzing the effect of FR were treated as a continuous variable. Two examples of methods for analyzing the effects of far-red include percent FR and PPE modeled above the leaf. Chambers and replicates were treated as random factors.



RESULTS


Long-Term Study

The percent far-red ranged from less than 2% (which is only obtainable under LEDs) to 45% (typical of canopy shade). Figure 5 shows the response of seven morphological parameters to increasing percent FR under three diverse spectral backgrounds. lnSER, lnLER, lnPER, and percent stem mass all increased with increasing percent FR (Figures 5A–C,G). Chlorophyll concentration and percent leaf mass both decreased with increasing percent FR (Figures 5D,F). Specific leaf mass, which is calculated by dividing leaf mass by leaf area and is an indicator of leaf thickness, was unaffected by percent FR (p = 0.19, Figure 5E). Because lnSER had the highest correlation with percent FR, it was used as the response variable for models of PPE within leaf tissue.


[image: image]

FIGURE 5. The response of seven physiological parameters to increasing percent far-red. The blue data and lines come from the chamber with spectral background containing a high portion of blue photons (high blue), the green data comes from the high green chamber, and the red data comes from the high red chamber. The r2 value for each background is shown with the respective color. The black dashed line is a trend line running through all the data from all three background light sources, with the corresponding r2 shown in black. (A) The stem extension rate constant (the natural log of the stem extension rate, log of the stem extension rate (lnSER); described in Eqs 4, 5). (B) The leaf expansion rate constant, calculated following the same method as lnSER, but using leaf area at harvest instead of stem length. (C) Petiole extension rate constant, calculated following the same method as lnSER, but using petiole length at harvest instead of stem length. (D) Chlorophyll concentration at harvest. (E) Specific leaf mass, leaf mass divided by leaf area. (F) Percent leaf mass, leaf mass divided by total shoot mass (G) percent stem mass, stem mass divided by total shoot mass.



Accounting for Spectral Distortions in Predictions of PPE

Multiplying the spectral distortion functions (Figure 4B) by the photoconversion coefficients (Eq. 3) provides weighting factors that predict local phytochrome conversions within a specific layer of tissue for a given SPD above the leaf (Figure 6). It is important to note that (a) the photochemical properties of phytochrome, and thus the photoconversion coefficients, have not changed and that (b) if no spectral distortion occurs within a leaf, then the photoconversion weighting factors are equal to the photoconversion coefficients.
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FIGURE 6. (A) Photoconversion coefficients derived from Lagarias et al. (1987). These are used to estimate PPE above the canopy. The other two graphs are the photoconversion weighting factors for phytochrome that is (B) only in epidermal tissue or (C) homogeneously distributed through all leaf/cotyledon tissue.


Figure 6 shows that weighting factors for Pfr (Pfr → Pr) increase relative to Pr (Pr → Pfr) as the location of phytochrome moves from the epidermis to all leaf/cotyledon tissue. The weighting factors for Pr do not significantly shift the peak of action away from about 668 nm.

Using σR and σFR (Figure 6A) in Eq. 1 or substituting them with the Pr and Pfr weighing factors (Figures 6B,C) produces estimates PPE in three layers: PPEabove, PPEepidermis, and PPEwhole leaf. We fit the lnSER data in Figure 5A to the estimates of PPE in these three layers assuming the commonly used two-state model (Figure 7). There was a high correlation between PPE estimated above the leaf (PPEabove) and lnSER for any single background SPD (Figure 7A; r2 = 0.91, 0.89, and 0.85 for high blue, high green and high red, respectively). This relationship declines if PPE is compared to all the data (all three background spectra, dashed line, r2 = 0.47). The correlation between PPE and lnSER for any single background spectrum remained relatively unchanged when PPE was estimated in the epidermal leaf tissue (PPEepidermis) or the whole leaf (PPEwhole leaf), but the relationship with all the data was improved when predicted within the leaf (Figures 7B,C). PPEwhole leaf produced the highest correlation between PPE and lnSER of all the data (r2 = 0.75, Figure 7C).
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FIGURE 7. The response of the natural lnSER to changes in the estimate of phytochrome photoequilibrium (PPE) in multiple layers of tissue. PPE is calculated with the two-state model. See Figure 5 for an explanation of colors. (A) The relationship between PPEabove and lnSER. This is the most common method to model phytochrome activity using the spectral photon distribution above the leaf. Panels (B,C) use estimates of PPE for phytochrome that is (B) in epidermal tissue or (C) homogeneously distributed through the whole leaf.




Comparison Between the Two-State and Three-State Models

The two-state and three-state models of phytochrome were compared assuming the active phytochrome was (a) in the epidermis and (b) homogeneously distributed in all the leaf tissue (Figure 8 compared to Figures 7B,C). Using regression analysis through all three spectral backgrounds, the three-state model did not improve the predictive power over the commonly used two-state model for any of the three assumed locations of phytochrome (r2 = 0.58 and 0.72 for PPEepidermis and PPEwhole leaf, respectively).


[image: image]

FIGURE 8. Modeling phytochrome activity with the three-state model. For this analysis, only phytochrome that is (A) in the epidermis or (B) homogeneously distributed within the whole leaf were considered. See Figure 5 for an explanation of colors.


To further investigate differences between these four estimates of PPE (Figures 7B,C, 8), the slopes and offsets for the three individual background spectra (blue, green, and red lines) were compared using a linear mixed effects model, with the estimates of PPE as a continuous variable and the background spectrum as a categorical variable. There was a significant effect of the background spectrum on the prediction of lnSER for all four estimates of PPE, indicating that the offsets for the linear models were significantly different (p < 0.0001 in all cases). In the linear mixed effects model, an interaction effect between PPE and the background spectrum indicates that the slopes of the three lines are significantly different. This was the case for every model with the exception of only PPEwhole leaf using the three-state model (p = 0.25 compared to p = 0.033 for PPEwhole leaf using the two-state model, and p < 0.0001 for PPEepidermis using both the two and three-state models). This means that the three lines (blue, green, and red) in this model of PPE (PPEwhole leaf using the three-state model) are not significantly different (nearly parallel).



Short-Term Photobleaching Study

To further investigate the role spectral distortion by chlorophyll on estimates of PPE and subsequent stem or hypocotyl elongation, seedlings were grown with or without chlorophyll using the herbicide norflurazon.

The photobleaching of the norflurazon treated seedlings was visually apparent, although some seedlings had chlorophyll at the tips of the cotyledons (Figure 9). Over the 48 h treatment period, the dark-grown norflurazon treated seedlings elongated an average of 8.5 cm, while the non-treated seedlings elongated an average of 9 cm. Elongation of seedlings in the light treatments relative to the dark controls are plotted as a function of percent FR in Figure 10. The photobleached seedlings elongated significantly less than the green seedlings, but a higher fraction of FR induced more elongation in both green and photobleached seedlings.
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FIGURE 9. Representative plants at harvest from the short-term photobleaching study. Green seedlings are shown on the left and norflurazon-treated photobleached seedlings are shown on the right. There was some chlorophyll at the tips of some of the photobleached seedlings.
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FIGURE 10. Elongation of green (closed circles, solid lines) and photobleached (open circles, dashed lines) seedlings over a 48 h period relative to dark controls. See Figure 5 for an explanation of colors. Data show that photobleached seedlings elongated less then green seedlings.


Spectral distortion functions for etiolated seedlings (Figure 4C) were used to calculate weighting factors for phytochrome conversions in either the epidermis or the whole leaf (Supplementary Figure 7). The photoconversion coefficients (Figure 6A) were substituted with the weighting factors for specific locations in green or etiolated cotyledons (Figures 6B,C and Supplementary Figure 7) in Eq. 1 to estimate PPE in these treatments.

Figure 11 models the data in Figure 10 with these estimates of PPE. For this analysis, both the green and photobleached seedlings grown under a single spectral background (e.g., high blue) were combined together for regression analysis. Similar to the long-term study, PPE estimated above the cotyledon produced a poor correlation when run through all the data from all three spectral backgrounds (r2 = 0.20; Figure 11A), but unlike the long-term study, the regression through the data for a single spectral background also produced a poor correlation (r2 = 0.12, 0.13, and 0.30 for high blue, high green and high red, respectively). Compared to PPE estimated above the cotyledon (PPEabove), the estimate of PPE within the epidermal tissue (PPEepidermis) provided a slight improvement in predictive ability (Figure 11B). Corroborating the results of the long-term study, the assumptions that “functional” phytochrome is homogeneously distributed within the whole leaf (PPEwhole leaf) provided the best correlations between PPE and elongation relative to the dark controls (Figure 11C). This was true for both correlations using all the data and correlations using each individual background spectrum.


[image: image]

FIGURE 11. The response of green (closed circles) and photobleached (open circles) seedlings to models of PPE in specific leaf layers, using the same models as Figures 7, 8. See Figure 5 for an explanation of colors. Estimates of PPE are calculated using green or etiolated weighting factors. The green and photobleached seedlings from a single spectral treatment were combined for analysis. Panels (A) through (C) use estimates of PPE based on the two-state model for phytochrome that is (A) above the leaf, (B) in epidermal tissue or (C) homogeneously distributed in the whole cotyledon. Panels (D,E) use estimates of PPE based on the three-state model for phytochrome that is (D) in epidermal tissue or (E) homogeneously distributed in the whole cotyledons. All models use linear regression with the exception of (E), which fits the date with exponential decay functions. Each point represents an average of 6–9 seedlings. There were four replications in time.


Similar to the comparison between the three-state and the two-state models in the long-term study, there was little difference between the correlation between PPE and elongation relative to the control in a specific layer of tissue using either model. The three-state model for homogenously distributed “functional” phytochrome required non-linear models to fit the data, and this resulted in a strong relationship (Figure 11E).



DISCUSSION


Effects of Spectral Distortion on the Action Spectrum of Phytochrome Conversion

Kazarinova-Fukshansky et al. (1985) previously estimated the weighting factors for in vivo (either green or etiolated tissue) phytochrome photoconversions based on in vitro determinations of the photoconversion coefficients and their spectral distortion functions. They used the original photoconversion coefficients from Butler et al. (1964), which are based on partially degraded 60 kDa phytochrome rather than native 124 kDa phytochrome (Mancinelli, 1986). Therefore, the weighting factors from Kazarinova-Fukshansky et al. (1985) required updating using the most accurate photoconversion coefficients. Here, photoconversion coefficients calculated from the photochemical properties in Lagarias et al. (1987) were used.

The application of photoconversion weighting factors did not significantly shift of the Pr peak away from 668 nm. Therefore, we could not explain why Kasperbauer et al. (1963) or Jose and Schäfer (1978) observed shifts to 645 and 630 nm, respectively.



Analysis of Phytochrome Models

The high correlations between PPEabove and lnSER for each individual background in the long-term study is similar to previous reports that kept the background spectrum constant, and only adjusted levels of R or FR (Morgan and Smith, 1976, 1978, 1979; Park and Runkle, 2017, 2018), but there is a low correlation when using PPEabove to broadly estimate lnSER under any spectral background (Figure 7A). By comparison, the convergence of lnSER data in Figures 7B,C indicate that models that account for spectral distortion within a leaf better predict phytochrome mediated plant responses under a broader range of spectral backgrounds.

Morgan and Smith (1978) found a linear relationship between PPE and lnSER when PPE was estimated under a leaf with a low chlorophyll concentration (380 μmol m–2), but they reported a departure from linearity at a high chlorophyll concentration (660 μmol m–2). Here, chlorophyll concentration in the leaves averaged 574 μmol m–2 across all treatments, although it ranged from 383 to 937 μmol m–2 and decreased as percent FR increased (Figure 5D). Using only the transmitted spectrum, the relationship between PPE and lnSER was non-linear (Supplementary Figure 8). Phytochrome in the upper layers of a leaf would have a lower “effective” chlorophyll concentration, and may be thought of as similar to the low chlorophyll leaf in Morgan and Smith (1978). Thus, the linear relationship between PPE and lnSER in the upper layers of leaf tissue (PPEepidermis) is similar to previous findings (Figure 7B).

Results from our short-term photobleaching study were similar to Holmes and Wagner (1981), who measured the percent inhibition of elongation (relative to dark controls) of green and noflurazon-treated Chenopodium rubrum seedlings grown under a single spectral background with added R or FR. As PPE increased from 0.3 to 0.8 in their study, inhibition of hypocotyl elongation increased (i.e., shorter hypocotyls) for both the treated and untreated seedlings, although the effect appeared reduced in the green seedlings. Additionally, when white light was applied along with R and FR, the green seedlings were taller than the norflurazon treated seedlings. Broadly, their results are similar to ours (Figures 10, 11A).

It is difficult to determine whether the relationship between PPE and lnSER should be linear (e.g., Figure 7C) or non-linear (e.g., Figure 11E). Activated phyB (Pfr) is translocated from the cytosol to the nucleus, where it interacts with numerous transcription factors including phytochrome interacting factors (PIFs), often inactivating or phosphorylating them (Legris et al., 2019). PIFs transcriptionally promote the expression of genes related to auxins, gibberellins, and cell walls, effectively leading to increased cell expansion (de Lucas and Prat, 2014). Thus, the down regulation of PIFs caused by higher relative concentrations of phyB–Pfr (high PPE) will cause a decrease in stem elongation, but with so many contributing factors, the exact relationship is difficult to determine. Additionally, post-transcriptional and translation regulation by phytochrome (Legris et al., 2019), the circadian control of phyB protein accumulation (Sharrock and Clack, 2002), and cytoplasmic roles of phytochrome (Hughes, 2013) all further complicate this relationship.

The assumption that “functional” phytochrome was homogeneously distributed throughout all leaf layers (whole leaf) provided better correlations with elongation than the assumption that “functional” phytochrome was only in the epidermis (Figures 7, 11). This corroborates the findings of Endo et al. (2005) who found that phyB expression in the mesophyll of the cotyledons restored the wild-type morphology in a phyB mutant. Kim et al. (2016) concluded that only phytochrome in the epidermis (of the hypocotyl) contributes to the control of hypocotyl elongation, but their results show a potential role for both epidermal and cortex located phytochrome in the control of hypocotyl elongation. Cortex and mesophyll cells are both “ground” tissue, comprising the majority of plant biomass. It seems likely that phytochrome in these cells (and the epidermis) modulate development in response to light signals, while phytochrome in vascular tissue does not (Endo et al., 2005; Kim et al., 2016).

The data presented here indicate that PPE estimated above a leaf is an inappropriate method for predicting phytochrome action. Under electric lights, above-the-leaf estimates of PPE are often above 0.8, which is higher than in sunlight. Some authors have concluded that the biological responses to treatments with PPEabove ranging from about 0.8 to 0.88 were likely not caused by phytochrome because it did not vary to a large degree (Barnes and Bugbee, 1992; Dougher and Bugbee,2001a,b; Cope and Bugbee, 2013). The proposed method of modifying the SPD that reaches phytochrome molecules demonstrates a high attenuation of R photons, resulting in lower rates of Pr → Pfr conversion than expected by above-the-leaf estimates. A re-evaluation of previous studies may be warranted.



Consideration of More Recent Models: Three-State and Cellular Models

In the studies reported here, the intensity was kept close to the threshold intensities for a given temperature described by Sellaro et al. (2019) in order to minimize the contribution of thermal reversion on phytochrome dynamics. This simplified the estimates of PPE to only photoconversions, and therefore the cellular model, which accounts for other phytochrome dynamics, could be ignored.

The three-state model could still be investigated by simply squaring PPE calculated by the two-state model (Mancinelli, 1988). The correlations between PPE and elongation were not greatly changed when using the three-state over the two-state model (Figures 7B,C compared to Figures 8, 11B,C compared to Figures 11D,E), but the linear models between PPE and lnSER for the estimate of phytochrome homogenously distributed in the whole leaf using the three-state model produced nearly parallel lines (more specifically, the slopes were not determined to be significantly different) for the three spectral backgrounds (Figure 8B). This means that a change in PPE is predicted to result in identical changes in elongation for the three spectral backgrounds. These results suggest that the three-state model for PPEwhole leaf best predicts phytochrome action.

The three-state model assuming phytochrome is homogeneously distributed in all leaf tissue provided non-linear relationship between PPE and elongation in the short-term photobleaching study, and while linear responses may be more satisfying, it is possible that the response of stem extension to changes in PPE is non-linear (described above). Overall, it is difficult to conclude anything further regarding the two-state vs. the three-state models.

Based on the principles of the cellular model, an interaction between intensity and percent far-red is expected (i.e., increasing percent far-red should have a more pronounced effect on stem elongation at lower intensities than higher intensities). Although specific effects of intensity have been well documented in the literature (Smith, 1982), the interactions between intensity and percent far-red on the stem length or stem extension rate have been less well documented.

Hitz et al. (2019) applied three FR fractions (1, 7, and 20% FR) to a PPFD of 100 μmol m–2 s–1 and a PPFD of 400 μmol m–2 s–1, and saw an increase in stem length both when the percent FR was increased and when the PPFD was decreased, as the cellular model would generally predict. However, when the data from Hitz et al. (2019) is considered as a percent increase from the treatments with no added FR, there appears to be no effect of intensity (Supplementary Figure 9). Child and Smith (1987) saw no difference in the relationship between PPE and the change in stem extension rate at intensities between 50 and 150 μmol m–2 s–1 of white light. Smith (1990) saw only transient changes in stem extension rate when rapidly increasing or decreasing the total intensity while keeping the R:FR ratio constant. Park and Runkle (2018) did not observe an interaction between PPE and intensity on stem length in petunia, geranium or coleus, but they did observe an independent effect of intensity on petunia stem length. These contradictions are difficult to explain because intensity in these studies, unlike our own, dropped below the thresholds described by Sellaro et al. (2019). Our study may not be representative of a traditional cucumber propagation environment because of the high intensity utilized to minimize this thermal reversion. Further studies at various intensities are required to test the robustness of the cellular model.



Blue and Green Responses

Although stem and hypocotyl elongating were primarily explained by changes in PPE, it cannot be ruled out the background spectra would not have significantly different effects on elongation. The high green and high red treatments had roughly the same percentage of blue photons, which make them comparable to each other, but less comparable to the high blue treatment (Table 1), especially on a PPE basis. This is because the blue light receptors, cryptochromes, must be considered. Blue photons decrease stem elongation in cucumbers (Hernández and Kubota, 2016; Snowden et al., 2016). When the data from both the long-term and short-term studies were plotted with PPE (two-state or three-state) as the independent variable (Figures 7, 8, 11) the background spectral treatments generally increased in elongation in the order of high blue, high green then high red at the same value of PPE. This indicates a role of blue photons (through cryptochrome), and possibly green photons, in shifting the offset of the PPE model. These results are consistent with Park and Runkle (2019).

Research in the last 15 years has indicated that blue and green photons, sensed through the photoreceptor cryptochrome, act in a similarly antagonistic manner as R and FR. For example, green photons were found to reverse the blue induced decrease in hypocotyl elongation (Bouly et al., 2007). This has led to models of cryptochrome action similar to the phytochrome models described above (Procopio et al., 2016). It might be expected that green photons would increase stem elongation similar to FR, but neither Hernández and Kubota (2016) nor Snowden et al. (2016) saw this response in cucumber. Additionally, although Sellaro et al. (2010) demonstrated that a blue/green ratio reliably predicted hypocotyl lengths, their data showed that increasing the flux of green photons, like blue photons, also decreased hypocotyl elongation, but to a lesser extent than the blue photons. It is difficult to determine what caused this green induced decrease in hypocotyl length, but this effect may explain the differences in offsets for the high blue and high green data compared to high red data (Figures 7, 8, 11).



Future Directions and Potential Improvements

Kusuma and Bugbee (2021) recently outlined six issues with using PPE as a model to predict morphological responses. These included (1) differences in photoconversion coefficients from different studies, (2) multiple phytochromes, (3) thermal reversions, (4) phytochrome intermediates, (5) fluctuations in Ptotal, and (6) spectral distortion by chlorophyll. In this study, photoconversion coefficients derived from measurements of highly pure phytochrome in vitro from Lagarias et al. (1987) were used. Our experiments were constructed to primarily obtain effects from phyB and minimize contributions of thermal reversion, but fluctuations in Ptotal and the formation of intermediates were not accounted for. Finally, the results presented here provide evidence that spectral distortion by chlorophyll must be considered in estimating PPE, but several further considerations could improve the robustness of PPE prediction of morphology based on spectral measurements.

As discussed previously, the leaves and cotyledons are likely the primary location of photon perception by phytochrome, but hypocotyls also contribute to photon perception. The planting density in the long-term study was 20 plants per m2, which likely led to additional FR enrichment caused by reflection by neighboring plants. Because FR induced auxin signals can move within the plant (Roig-Villanova and Martinez-Garcia, 2016) it is important to determine how FR signals are integrated across different tissues across the plant.

The spectral distortion functions used in this study were derived from Kazarinova-Fukshansky et al. (1985). These distortion functions were calculated from transmission and reflectance measurements using the Kubelka-Munk theory from Kazarinova-Fukshansky et al. (1985), who made their measurements in 7 days old zucchini seedlings grown under 16,000 lx of white light (it is difficult to determine what this is in PPFD, but we estimate that it is about 250–300 μmol m–2 s–1). Because spectral reflectance and transmittance have roughly the same shape for all plants with chlorophyll, these distortion functions may have relatively universal utility, but environmental conditions contribute to a few key changes in plant internal structure that could decrease the reliability of the presented distortion functions.


Potential Shifts in Spectral Distortion Functions

Increasing the FR fraction (decreasing PPE) decreased the leaf chlorophyll concentration (Figure 5D), and there was no effect of percent FR on specific leaf mass, with the exception of a small effect in the high blue treatment (Figure 5E). This means that this change in chlorophyll concentration (μmol per square meter of leaf) was unlikely caused by changes in leaf thickness, but rather was caused by differences in chlorophyll synthesis or retention. Decreasing the concentration of chlorophyll within the leaves is expected to increase the penetration of photons into deeper layers of tissue, increasing the average photon intensity within a leaf. This would result in spectral distortion functions (and thus photoconversion weighting factors) that are intermediate between the epidermis and whole leaf estimates (Figures 4B, 6B,C).

The change in the spectral distortion function with changing chlorophyll concentrations will depend on the distribution of the chlorophyll within the leaves. Nishio et al. (1993) reported that carotenoid and chlorophyll concentrations peaked halfway through a spinach leaf if the plants were grown in sunlight, but peaked at a depth of about 30% through the leaf when grown in the shade. When chlorophyll/carotenoids are concentrated toward the adaxial side of the leaf, photons in the will be attenuated more rapidly, decreasing the average photon flux within the leaf. It seems unlikely that the shade (FR) induced changes in both chlorophyll concentration and chlorophyll distribution will perfectly offset each other, but nonetheless the two effects would antagonistically alter the average SPD within the leaf. If chlorophyll distributions favor the adaxial side under higher FR, this may mean that the FR induced decrease in chlorophyll concentration will minimally affect the average spectral distortion within the leaf.

High photon intensity and blue photons can increase leaf thickness and reorient chloroplasts. Cui et al. (1991) suggested that increased leaf thickness via palisade elongation promoted photon penetration deeper into leaf tissue, although there was little difference in fractional leaf penetration between thick and thin leaves in their study. Chloroplast orientation along the sides of cell walls at high photon intensity induces a sieve effect allowing photon penetration deeper into leaf tissue (Davis et al., 2011; Parry et al., 2014). Again, this results in spectral distortion functions intermediate between the whole leaf and epidermis estimates (Figure 4B).

Developing leaves tend to have lower chlorophyll concentrations than mature leaves. As plants mature and chlorophyll concentrations increase, the average fluxes of blue and red photons within a leaf will decrease. This means that the phytochrome dynamics in older leaves would shift to lower average Pfr concentrations than younger leaves under identical SPD. Younger leaves were more receptive to far-red than older cotyledons in Casal and Smith (1988b). This response is the opposite of what would be expected assuming chlorophyll concentrations were higher in older cotyledon tissue compared to younger leaf tissue. Therefore, younger leaves may be more receptive to photon signals than older leaves. Nonetheless, as these younger leaves develop and chlorophyll concentrations increase, photon penetration into leaves will decrease, shifting the spectral distortion functions from similar to the epidermis estimate to lower than the whole leaf estimate (Figure 4B).

The combined effects of photon quality and quantity on leaf internal structure and chlorophyll concentration/distribution could result in changes in the internal SPD. Modifications to the spectral distortion functions to account for these changes could improve the model. Additional research is warranted.



A Simpler Intuitive Metric: The FR Fraction

Phytochrome and cryptochrome, when activated, interact with some of the same transcription factors (de Wit et al., 2016). The chromophore at the center of the photoreceptor cryptochrome is a flavin adenine dinucleotide (FAD) molecule, a coenzyme associated with numerous proteins. FAD absorbs photons in the UV-A and blue regions of the spectrum. FAD absorbance drops substantially around 500 nm (Banerjee et al., 2007; Procopio et al., 2016). The inactive form of phytochrome absorbs across the entire biologically active spectrum (300–800 nm), but is primarily activated by red photons. Chlorophyll-induced spectral distortions may mean that phytochrome is also significantly activated by (longer wavelength) green photons (Figure 6C). Therefore, blue, green and red photons may push back against FR photons to affect morphology. Percent far-red (FR fraction) was shown to be an excellent predictor of lnSER in the long-term study (r2 = 0.89, Figure 5A), although the expected blue (and possibly green) offsets are not present. Percent far-red did not appear to be a good predictor of morphology in seedlings (Figure 10).

Due to the issues with PPE outlines above, Kusuma and Bugbee (2021) suggested that environmental signals may be more reliable than photo-molecular models, like PPE. Environmental pressure drives evolution, and thus genetically regulated molecular machinery could be expected to conform to the incoming signals (in so much as it provides a survival advantage). The R:FR ratio is often used as a metric to describe the degree of shade, but percent far-red may be a better ratio because it integrates the action of multiple photoreceptors that co-evolved to detect the extent of shade. Although our improvements to the PPE model indicate some important mechanistic aspects of photon perception within a leaf, the FR fraction is a simple intuitive metric that may be widely applicable across many conditions.



SUMMARY

Phytochrome photoequilibrium is generally estimated from the SPD above the leaf, which does not account for the spectral distortion caused by absorbance and scattering within a leaf, and is thus an inadequate metric for estimating phytochrome induced morphology. Estimates of PPE for phytochrome that is homogeneously distributed throughout the whole leaf accounted for spectral distortions and was a better predictor of morphological responses. The distortion functions used here were from a different species than species investigated and yet improved predictions. We thus believe the distortion functions used here have universal utility. We provide both the distortion functions and photoconversion weighting factors in Supplementary Data.

Percent far-red is an intuitive environmental metric that accounts for photon effects from 400 to 750 nm on stem elongation rate, possibly because it accounts for cryptochrome and phytochrome action. This is an empirical metric but it appears to have excellent predictive power.

The use of LEDs in controlled environments allows an unprecedented opportunity to manipulate plant growth. FR LEDs have a high efficacy and may thus contribute to these manipulations, but the phytochrome mediated responses to FR must be better understood to utilize their potential.
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