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ABSTRACT. Phytochrome, a well-studied photoreceptor in plants, primarily absorbs in the red (R) and far-red (FR)
regions and is responsible for the perception of shade and subsequent morphological responses. Experiments
performed in controlled environments have widely used the R:FR ratio to simulate the natural environment and used
phytochrome photoequilibrium (PPE) to simulate the activity of phytochrome. We review why PPE may be an
unreliable metric, including differences in weighting factors, multiple phytochromes, nonphotochemical reversions,
intermediates, variations in the total pool of phytochrome, and screening by other pigments. We suggest that
environmental signals based on R and FR photon fluxes are a better predictor of plant shape than the more complex
PPE model. However, the R:FR ratio is nonintuitive and can approach infinity under electric lights, which makes it
difficult to extrapolate from studies in controlled environments to the field. Here we describe an improved metric: the
FR fraction (FR/RDFR) with a range from 0 to 1. This is a more intuitive metric both under electric lights and in the
field compared with other ratios because it is positively correlated with phytochrome-mediated morphological
responses. We demonstrate the reliability of this new metric by reanalyzing previously published data.

Manyphotobiological studies are conducted under electric lights
to better understand basic plant responses. In this review,we discuss
the history, derivation, and limitations of two of the common
metrics that are used to interpret photobiological responses: phy-
tochrome photoequilibrium (PPE) and the R:FR ratio. Issues with
these metrics are exacerbated under light-emitting diodes (LEDs),
which are important to photobiology because of their narrow
bandwidth. Furthermore, the high efficiency output of LEDs has
made them a prominent addition to controlled environment agri-
culture (Kusuma et al., 2020). In these plant factories, plant
morphology can be manipulated by the specific choice of LEDs,
but first it is vital to develop proper metrics to predict responses.

In this review, we describe an improved metric called the FR
fraction (FR/R+FR), which a ranges from 0 to 1. This is a more
intuitive metric both under electric and natural conditions
compared with other ratios because it is positively correlated
with phytochrome-mediatedmorphological responses like stem
elongation.We demonstrate the reliability of this newmetric by
reanalyzing previously published data.

Early Phytochrome Research

Seventy years ago, the discovery of phytochrome by Borth-
wick et al. (1952) and initial extraction by Butler et al. (1959)

led to a photobiological focus on the R and FR regions of the
electromagnetic spectrum. Early studies were more focused on
how phytochrome-mediated responses occurred, like wave-
length sensitivity, signaling partners, and time dependencies;
but there was little focus on understanding why these responses
happened (evolutionary and ecological perspectives). Re-
searchers eventually began considering the ecological implica-
tions realizing, ‘‘Beneath the forest canopy the intensity of
radiation is decreased but the region of 730 nm is enhanced
relative to 660 nm because of the filtering action of chloro-
phyll’’ (Hendricks and Borthwick, 1963).

This led to studies in the natural environment (Kasperbauer,
1971; Taylorson and Borthwick, 1969) as opposed to laboratory
settings with electric lighting experiments including pulses,
flip-flops (following R pulses with FR pulses to reverse the
response) and monochromatic light. The focus remained on R
and FR because the two forms of phytochrome, Pr and Pfr, had
absorbance peaks in these regions (Butler et al., 1964), and the
R:FR ratio became well established as an indicator of the
degree of shade (Cumming, 1963; Holmes and Smith, 1975,
1977a, 1977b).

Phytochrome responses, especially stem-extension rate and
stem length, are often shown to be log-linearly or linearly
correlated with the ratio of active phytochrome (Pfr) to total
phytochrome (Ptotal), where Ptotal = Pr + Pfr (Kalaitzoglou et al.,
2019; Morgan and Smith, 1976, 1978, 1979; Park and Runkle,
2017, 2018, 2019). This ratio is referred to as phytochrome
photoequilibrium [PPE (also called the phytochrome photosta-
tionary state, PSS)] and was popularized by H. Smith for
predicting shade-avoidance responses. Smith credits K.M.
Hartmann for the model of active to total phytochrome as the
appropriate method for predicting phytochrome action (Hart-
mann, 1966; Smith, 1973).

Therefore, two metrics for predicting phytochrome re-
sponses have evolved: PPE and the R:FR ratio. Here we discuss
problems with both metrics and propose a new metric.
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Measurement of the Two Forms of Phytochrome

Phytochrome photoequilibrium can be estimated with a
model (PPEe) or measured directly in chlorophyll-deficient
tissue (PPEm). In chlorophyll-deficient tissue the relative
amounts of the two forms of phytochrome can be measured
directly in vivo using a specialized dual-wavelength spectro-
photometer. There are two methods for measuring PPEm with
this technique (Dooskin and Mancinelli, 1968; Klose, 2019;
Lamparter et al., 1994), but the method used by Smith and
Holmes (1977) is described by Klein et al. (1967) and more
recently, Klose (2019). Briefly, both methods measure the
change in the difference in absorbance between two wave-
length on exposure to R or FR, and the two techniques differ
in the wavelengths that they measure. One measures the
difference in absorbance between 660 and 730 nm, whereas
the other (Smith and Holmes, 1977) measures the difference
between 730 and 800 nm. The former provides a larger signal,
whereas the latter reduces error caused by chlorophyll. We
describe the theory behind the more commonly used tech-
nique in Supplemental Material 1. It is important to note that
although we call this a measurement of Pfr/Ptotal, it is still an
estimate.

Estimating the Equilibrium between the Two Forms (PPEe)

PPEe is calculated from the spectral photon distribution
(SPD) and weighting factors for both Pr and Pfr across the
biologically active wavelengths (300 to 800 nm). These
weighting factors, called photochemical/photoconversion
cross-sections, quantum efficiencies, or photoconversion coef-
ficients can be derived from absorbance spectra, extinction
coefficients and quantum yields of Pr to Pfr or Pfr to Pr
conversion. These values are presented in at least 10 studies
(Butler et al., 1964; Gardner and Graceffo, 1982; Kelly and
Lagarias, 1985; Lagarias et al., 1987; Mancinelli, 1986, 1988a,
1994; Pratt and Briggs, 1966; Sager et al., 1988; Seyfried and
Sch€afer, 1985; Vierstra and Quail, 1983a, 1983b). The weight-
ing factors from Sager et al. (1988) have been the most widely
used in horticulture, but are not necessarily a reference stan-
dard. PPEe has been widely adopted.

Differences in Estimated and Measured PPE

Gardner and Graceffo (1982), Sager et al. (1988), and
Mancinelli (1988b) all report comparisons between PPEm and
PPEe. Figure 1 shows this comparison. Gardner and Graceffo
(1982) measured and estimated Pfr/Ptotal in vivo, Sager et al.
(1988) measured and estimated Pfr/Ptotal in vitro, and Man-
cinelli (1988b) measured Pfr/Ptotal in vivo, but used estimations
from in vitro data. In addition, Gardner and Graceffo (1982)
assumed a Pfr/Ptotal under red actinic photons to be 0.8, Sager
et al. (1988) assumed it to be 0.89, and Mancinelli (1988b)
assumed it to be 0.876. Mancinelli (1988b) used the approach to
equilibrium analysis data from Kelly and Lagarias (1985).
Notice that data do not perfectly fall on the 1:1 line.

Issues with Pfr/Ptotal as a Model to Predict Morphology

Studies on the structure of phytochrome, nuclear localization,
and genetic regulating partners have strongly indicated that Pfr is
the active form of phytochrome (Chen and Chory, 2011; Legris

et al., 2019), although some studies have specifically implicated
that the Pfr-Pfr homodimer is the active form, whereas both the
Pr-Pr homodimer and the Pr-Pfr heterodimer are inactive (Klose
et al., 2015). It is often assumed that Pfr/Ptotal is a proxy for the
concentration of Pfr because it is assumed that the total pool of
phytochrome is relatively constant (Casal, 2012; Kilsby and
Johnson, 1982; Kozma-Bogn�ar et al., 1999; Park and Runkle,
2017). Many studies have found that Pfr/Ptotal is correlated with
morphological responses (Kalaitzoglou et al., 2019; Morgan
and Smith, 1976, 1978, 1979; Park and Runkle, 2017, 2018,
2019), and it has become common to report PPEe in photobi-
ology studies even if they are not investigating the effects of
R and FR (Hern�andez and Kubota, 2016; Johnson et al., 2020;
Kim et al., 2019; Meng et al., 2019; Poel and Runkle, 2017).
These correlations between Pfr/Ptotal and morphology strongly
imply the role of phytochrome in these responses, but the
correlations in these studies would be equally predicted by a
relationship using R and FR because these are the only
wavelengths that varied in the studies. In cases in which other
wavelengths vary, the results have been graphed separately
(Park and Runkle, 2019).

The ratio of Pfr/Ptotal is often thought to fully explain
phytochrome activity and subsequent developmental re-
sponses, but there are multiple problems with its use.

1. Differences in weighting factors are discussed by Mancinelli
(1986, 1988a). Up to the mid-1980s it was common to use weighting
factors from Butler et al. (1964), but these weighting factors were
obtained from less pure and more degraded phytochrome extrac-
tions compared with Kelly and Lagarias (1985), Lagarias et al.
(1987), Sager et al. (1988), and Vierstra and Quail (1983a, 1983b).
Beyond suggesting using newer vs. older data, Mancinelli (1986,
1988a) was unable to recommend a superior set of weighting factors,
and only mentioned that the choice should be open to revision.

Fig. 1. Comparison of measured and estimated phytochrome photoequilibrium
(PPEm and PPEe) from Gardner and Graceffo [1982 (green)], Sager et al.
[1988 (red)], and Mancinelli [1988b (blue)].
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The weighting factors from these studies can have substantial
differences on an absolute scale, and there are further differences
when using weighting factors determined in vitro vs. in vivo
(Gardner and Graceffo, 1982; Pratt and Briggs, 1966; Seyfriend
and Sch€afer, 1985), where in vivo data shows a marked decrease in
the response to blue and ultraviolet photons. Rajapakse and Kelly
(1994) demonstrated some of the potential differences in PPEe

under a single light source, and furthermore PPEe and PPEm do not
perfectly match (Fig. 1). Fortunately, the most commonly used
weighting factors from Kelly and Lagarias (1985), Lagarias et al.
(1987), and Sager et al. (1988) are similar on a normalized scale.
Despite this similarity, weighting factors primarily come from the
monocots oat (Avena sativa) and rye (Secale cereale), which differ
on an absolute scale (Lagarias et al., 1987), and their universal
utility is uncertain.

2. Multiple phytochromes are present in dark-grown and etiolated
tissue, but only phytochrome-B (phyB) appears to be primarily
responsible for altering plant morphology in response to shade in
adult, light grown plants. This conclusion is primarily because
only monogenic mutants of Arabidopsis thaliana without phyB
appear to have severe shade-avoidance symptoms in white
light (Aukerman et al., 1997; Devlin et al., 1998, 1999; Franklin
et al., 2003), whereas phyA- (Franklin and Quail, 2010; Whitelam
et al., 1993), phyC- (Franklin et al., 2003), phyD- (Aukerman et al.,
1997; Devlin et al., 1999), and phyE-deficient (Devlin et al., 1998)
mutants appear indistinguishable from the wild type in the same
conditions. The supporting role of these other phytochromes
emerge in a phyB-deficient background (Aukerman et al., 1997;
Devlin et al., 1998, 1999; Franklin et al., 2003), in which cases the
double mutant shows more pronounced shade-avoidance symp-
toms in white light compared with the phyB-deficient monogenic
mutant.
In etiolated Arabidopsis, the percentages of the different pools of
phytochrome protein are 85% phyA, 10% phyB, and 5% other
(phyC, phyD, and phyE), but on transition into the light the total
pool of phytochrome drops by 23-fold and the ratios are read-
justed to 5% phyA, 40% phyB, and 55% other (Sharrock and
Clack, 2002). Both PPEm and PPEe use dark-grown etiolated tissue,
meaning that Pfr/Ptotal is based on an average mix of all the
phytochromes, but primarily phyA. This may create issues when
using PPEm or PPEe to estimate the state of phyB in response to
shade. Some limited evidence suggests that the photochemical
properties of phyA and phyB are similar (Ruddat et al., 1997), but
they differ from the photochemical properties of phyC and phyE
(Eichenberg et al., 2000).

3. Nonphotochemical reversions of Pfr to Pr are independent of light
intensity and duration, but dependent on temperature (Jung et al.,
2016; Legris et al., 2016). This thermal relaxation of the phyto-
chrome molecule occurs both in the dark and in the light. This leads
to a potential lower value for Pfr/Ptotal at warmer temperatures under
a single SPD. This effect is increased at lower light intensities where
the rates of photoconversion are slower (Sellaro et al., 2019). In
addition, nuclear body formation and dimerization of phytochrome
may alter the thermal stability of Pfr (Klose et al., 2015; Rausenberger
et al., 2010).

4. Intermediates between Pr and Pfr, and between Pfr and Pr have been
studied with flash photolysis, low-temperature spectroscopy, dehy-
dration studies, and kinetics of absorbance changes (Kendrick and
Spruit, 1977). The conversions between Pr and Pfr are not instan-
taneous processes. Instead, the conversions involve a number of
short-lived intermediate forms. When transferred into the dark, Pfr
(measured by a technique similar to that described in Supplemental
Material 1) immediately increases to a level higher than the
equilibrium level established in the light. This increase above
photoequilibrium indicates that there is a rate-limiting chemical
conversion between Pr and Pfr, leading to an accumulation of an
intermediate under high light intensities. Kendrick et al. (1985)
suggest that more than 50% of total phytochrome may be in

intermediate forms in sunlight. Smith and Fork (1992) found similar
results, indicating that the concentration of Pfr would decrease at
high light intensities even if Pfr/Ptotal remained the same. Smith
(1990) saw no long-term change in stem-extension rate at constant
R:FR ratios under rapidly increasing or decreasing intensities, an
effect that should have decreased or increased, respectively, the
total concentration of Pfr. This is one of several experiments
conducted by H. Smith that attempted to show that Pfr/Ptotal could
predict responses better than the total amount of Pfr, suggesting
that both Pfr and Pr may be active (Smith, 1981, 1982, 1983, 1990,
1994, 1995). His analysis was largely ignored in the literature,
although Schmidt and Mohr (1982) suggested that Pfr was the
better indicator.

5. Ptotal is not constant, as plant physiology textbooks often imply.
Smith (1981) measured Ptotal in adult Zea mays tissue bleached with
norflurazon and showed that Ptotal could change depending on the
background SPD. Similarly, Sch€afer (1978) showed that the syn-
thesis and degradation rates of Ptotal in Cucubita pepo could change
with plant age, and suggested that these rates may be under
circadian control. The messenger RNA expression of phyB appears
to be under circadian control (Kozma-Bogn�ar et al., 1999; T�oth
et al., 2001), and immunoblot analysis of total phyB protein
concentrations have shown that it can change by 50% over the
course of a day (Kozma-Bogn�ar et al., 1999; Sharrock and Clack,
2002). This 50% variation in phyB protein indicates that although
PPEe provides an estimate of Pfr to Ptotal, the actual concentration of
Pfr could fluctuate by 50%. Some of the other phytochromes (e.g.,
phyA) have shown an even more dramatic fluctuation over the
course of the day. In addition, activated phyB interacts with the
transcriptional factors phytochrome interacting factors (PIFs)
resulting in their mutual ubiquitination followed by proteasomal
degradation (Ni et al., 2014). This means that the rate of degradation
depends on the concentration of PIFs. Further, the concentration of
phyB is not as light stable as is commonly thought (Klose et al.,
2015). Overall, these findings indicate that the total pool of phyto-
chrome at a given point in the day can vary based on the circadian
rhythm, the expression of PIFs, and the length of time in the dark or
the light.
Recent complex modeling approaches in Arabidopsis (Klose et al.,
2015; Sellaro et al., 2019) have estimated the pool of active phyB
(Pfr-Pfr homodimer) in the nucleus by including not only photo-
conversions, but also thermal reversions (mentioned previously)
and synthesis/degradation rates. This model includes specific
degradation rates for each of the three potential states of the
dimer. The rates of synthesis are assumed to be constant, although
this is likely not the case. Finally, there is no certainty as to how
predictive this more complex model is for species other than
Arabidopsis.

6. Chlorophyll in leaves attenuates the photon flux at different wave-
lengths. Therefore, Pfr/Ptotal (PPEm or PPEe) only represent the ratio
at the top epidermal layer of leaves (Gardner and Graceffo, 1982;
Morgan and Smith, 1978). However, even this may not be true, as
back scattering and reflectance of photons may actually make the
photon intensity in the initial layer of a leaf higher than that just above
the leaf (Mancinelli, 1988a; Seyfried and Fukshansky, 1983).Morgan
and Smith (1978) demonstrated that the correlation between log-
stem-extension rate and PPEe deviated from linearity whenmeasured
under a leaf with high chlorophyll content. Action spectra studies
have shown that the peak wavelength of phytochrome responses in
green tissue shift to shorter wavelengths than expected (Jose and
Sch€afer, 1978; Kasperbauer et al., 1963), indicating that some photon
attenuation is occurring.

These six considerations bring the mechanistic relationship
between Pfr/Ptotal and morphology into question. Early studies
that compared PPEm with growth responses used the technique
described in Supplemental Material 1. This technique could
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measure only the Pfr/Ptotal ratio and does not indicate concen-
trations of either Ptotal or Pfr (but see Supplemental Material 1).
Because measurements and estimations of Pfr/Ptotal have
predicted morphological responses, they were widely used as
the primary metric, but due to the considerations discussed
previously, what do PPEm and PPEe actually indicate?

As mentioned previously, studies have used a constant
background spectrum and only adjusted amounts of R and FR
(Kalaitzoglou et al., 2019;Morgan and Smith, 1976, 1978, 1979;
Park and Runkle, 2017, 2018), meaning that the responses are
equally well predicted by environmental factors like the R:FR
ratio.

R and FR Photons as Environmental Signals

These challenges of mechanistically modeling phytochrome
protein dynamics and linking them with morphological re-
sponses across a wide range of species and environments mean
that simple environmental signals may be more broadly appli-
cable. Small factors in complex biological models can have large
impacts on outputs, especially when downstream processes
remain unknown.

Environmental signals like temperature are easily measurable.
Smith (1982) eloquently described the importance of environ-
mental signals: ‘‘For an environmental signal to be valuable to a
perceiving organism it must be: a) unambiguous, b) reliable, c)
readily detectable, and d) related to an ecologically important
condition in some quantitatively predictive manner.’’

Smith (1982) went on to state that the R:FR ratio perfectly
fit these criteria as an environmental signal of vegetative
shade, as other environmental photobiological signals of
shade, like photon intensity, do not meet the same standard
of reliability. Many authors investigating phytochrome action
with mutant Arabidopsis avoid Pfr/Ptotal and simply use the
R:FR ratio (de Wit et al., 2016; Trupkin et al., 2014; Wang
et al., 2015).

Effect of Wavelength Range on the R:FR Ratio

Similar to the lack of standardization regarding weighting
factors to calculate PPEe, with some authors using data from
Sager et al. (1988) and others using data from Kelly and
Lagarias (1985), there is little standardization in the wavelength
ranges for R and FR photon fluxes to calculate the R:FR ratio.
This can result in different values of the R:FR ratio for a single
light source that has a constant SPD. One of the earliest andmost
commonly used ranges was the integration of the photon flux
between 655 and 665 nm divided by the photon flux between
725 and 735 nm. This range was widely used by H. Smith and
colleagues (Holmes and Smith, 1977a, 1977b; Smith and
Holmes, 1977). Smith, in correspondence with J. Monteith,
settled on the Greek letter z (lower case zeta) to represent the
ratio (Holmes and Smith, 1977a; Monteith, 1976). Smith
reported that the R:FR ratio of sunlight following this method
was 1.19 (Smith, 1982). He reported that there is surprisingly
little variation in the R:FR ratio under a variety of environmental
conditions (Smith, 1982), but that does not appear to be the case
(Supplemental Material 2). A second method to calculate the
R:FR ratio is to simply divide the photon flux at 660 nm by the
flux at 730 nm (Deitzer et al., 1979; Pausch et al., 1991;
Warrington et al., 1989). This single wavelength method for

obtaining R and FR often uses alternative wavelengths like 645,
650, 725, and/or 735 nm (Casal et al., 1985; Kasperbauer, 1987;
Kasperbauer and Karlen, 1994; Taylorson and Borthwick,
1969). M. Kasperbauer favored measuring R at 645 nm instead
of 660 nm because of the apparent maximum sensitivity of floral
inhibition by night break lighting at 645 nm (Kasperbauer et al.,
1963) instead of the expected 660 nm (Butler et al., 1959). This
shift in sensitivity when using green vs. etiolated tissue was
speculated to be due to chlorophyll absorption. Jose and Sch€afer
(1978) found a similar shift in the action spectra for lengths of
green vs. etiolated hypocotyls. Finally, a third approach has
been to calculate the R:FR ratio based on the flux between 600
and 700 nm divided by the flux between 700 and 800 nm (Li and
Kubota, 2009; Mortensen and Strømme, 1987; Rajapakse et al.,
1992; Rajapakse and Kelly, 1994; Runkle and Heins, 2001).
Figure 2 shows a comparison of four wavelength ranges using
the ASTM G173-03 reference of global tilt solar energy flux
[American Society for Testing and Materials, 2012 (converted
to a photon flux)] and a measurement made at Utah State
University (Logan, UT) at noon on 10 June 2020 using a
spectroradiometer (PS-300; Apogee Instruments, Logan, UT).
These three methods result in a 6% to 7% difference. These
differences would be larger under narrow bandwidth LEDs.
Although these are the most common methods used to calculate
the R:FR ratio from spectral distribution measurements, there
are numerous variations.

Sensors with dual detectors have been widely used to
calculate an R:FR ratio. These sensors include photodiodes
sensitive to photons in the R and FR regions. An early
commercial model was the 660/730-nm sensor (SKR110;

Fig. 2. Spectral photon distribution of the ASTM G173-03 reference of global
tilt energy converted to photon flux [American Society for Testing and
Materials, 2012 (orange line)] and a measurement made at Utah State
University at noon on 10 June 2020 (blue line). Four ranges used for obtaining
the red to far-red ratio (R:FR ratio) are shown as lines or bands in the figure: 1)
600 to 700 nm/700 to 800 nm shown as arrows at the top of the figure, 2) 655 to
665 nm/725 to 735 nm shown as shaded regions, 3) 660 / 730 nm shown as
vertical lines, and 4) 645/730 nm shown as a separate vertical line. The
corresponding calculation of the R:FR ratio is shown in inset table. This figure
also demonstrates potential variation due to environmental conditions. The
light blue arrow shows a water vapor absorbance band and the black arrows
show an oxygen absorbance band.
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Skye Instruments, Llandrindod Wells, UK), which used to be
sensitive to photons from 630 to 665 for the R region, but this
range was modified in 2010 to 645 to 675 nm. The FR range
remained mostly unchanged from 715 to 740 nm, although it
appears to have narrowed (Fig. 3). The Skye R:FR sensor was
reported to provide a ratio of 1.1 in sunlight (Messier et al.,
1989); we recently confirmed this measurement as 1.05. More
recently, an R:FR sensor was developed with a wavelength
range of 645 to 665 nm for R and 720 to 740 nm for FR (model
S2, Apogee Instruments). R:FR sensors do not evenly weight
the photons between these wavelengths (Fig. 3), but are less
expensive, more portable, have a faster response time, and
are more durable than spectroradiometers. Inexpensive spec-
troradiometers are now widely available, but these have
lower spectral resolution (often greater than 24 nm band-
width).

When calculating the R:FR ratio (and subsequent metrics
described later in this article), we recommend that the most
appropriate range for FR is 730 ± 10 nm. This is a larger range
than the commonly used recommendation from H. Smith, but
the variation in reported maximum absorbance of Pfr in the FR
region justifies this wider range (Kelly and Lagarias, 1985;
Sager et al., 1988; Seyfried and Sch€afer, 1985). Broader
ranges (e.g., 700 to 800 nm) could overestimate phytochrome
responses from the sun or from LEDs that have peaks beyond
750 nm. The R range is more difficult to determine because of
chlorophyll screening and the apparent shift in maximum
sensitivity from �660 nm to �630 or 645 nm (Jose and
Sch€afer, 1978; Kasperbauer et al., 1963). Choice of either
peak wavelength for R photons can be appropriate with
justification. Similar to FR, a wider range (±10 nm) seems
appropriate. Commercially available R:FR sensors use these
wider ranges and are a good choice for quickly and affordably
assessing incoming R and FR photons. When reporting spec-
tral data in wider contexts than phytochrome responses,
broader ranges still may be appropriate.

Units to Measure the R:FR Ratio: Energy Flux vs. Photon
Flux

Although some studies have used energy units to measure
R and FR fluxes (Salisbury, 1981; Taylorson and Borthwick,
1969), most studies have used photon fluxes because photons
were known to be the driving factor for phytochrome responses
as far back as 1964 (Butler et al., 1964; Siegelman and Hendricks,
1964). This is also described by the Stark-Einstein Law/photo-
chemical equivalence law (Roth, 2001). Photons at 660 nm
are more energetic than photons at 730 nm, so an R:FR ratio
(660/730 nm) in sunlight based on energy units is 1.24, whereas the
ratio based on photon flux is 1.12. These measurements can be
interconverted using Planck’s equation (micromoles of photons =
Joules of energy · lðin nanometersÞ · 0:008359Þ.

Effect of Environmental Conditions on R and FR Photon
Flux

Atmospheric conditions also affect the R:FR ratio in natu-
ral environments. Kotilainen et al. (2020) demonstrated that
atmospheric conditions, latitude, and time of day cause more
variation in the R:FR ratio in the natural environment than previ-
ously thought. Photobiologists studying phytochrome responses in
the natural environment need to be aware of this variation. We
summarize these factors in Supplemental Material 2.

The Relationship between R:FR Ratio and PPE is Highly
Nonlinear

The R:FR ratio has been an adequate metric for the natural
environment because the highest value is �1.4 around midday
(Kotilainen et al., 2020). Nonetheless, as measurements move
from full sunlight to deep shade, the relative amount of FR
increases and the R:FR ratio decreases. This confines the R:FR
ratio in the natural environment to values ranging from�0 to 1.

Smith and Holmes (1977) plotted the relationship between
R:FR ratio and PPEm under sunlight, vegetative shade, and
some electric lights. This analysis showed that PPEmwas highly
sensitive to R:FR ratios found in shade. Smith (1982) recom-
mends that this curve can be used to estimate Pfr/Ptotal from the
R:FR ratio in natural environments, but he warns against using
it in controlled environments, saying, ‘‘the curve may be
reliably used for all natural broadband sources except those,
which contain a high portion of blue. Its use with artificial far-
red sources is limited because of the difficulty of accurate read-
out on the steepest part of the curve.’’

Under electric lights, the flux of FR can approach zero and
the R:FR ratio approaches infinity. Although Pfr/Ptotal may be
unreliable, it does generally describe phytochrome status and it
is useful to understand the relationships with the R:FR ratio.
Figure 4A shows the relationship between R:FR ratio measured
with a Skye R:FR sensor and PPEe calculated from spectral
measurements and weighting factors published by Sager et al.
(1988). The relationship is highly nonlinear. Under LEDs with
minimal FR, the R:FR ratio nearly flat-lines above 3, and values
continue to slightly increase up to 1800. Some publications
have reported R:FR ratios above 100 (Hern�andez and Kubota,
2016), whereas others have avoided the infinity problem by
reporting the R:FR ratio as 1:0 (Park and Runkle, 2017, 2018).
These issues mean that the R:FR ratio has little predictive value
under electric lights.

Fig. 3. Sensitivity of the red and far-red photodiodes in three red to far-red ratio
sensors from Apogee instruments (Logan, UT) and Skye Instruments
(Llandrindod Wells, UK).
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R Fraction: An Intermediate Solution

A simple improvement is to use the red fraction (R fraction),
first reported by Smith (1990), which is calculated as:

R fraction =
R

R+FR
=

R : FR

1 +R : FR
½1�

This confines the fraction (or ratio) to values between 0 and
1. We recommend the same ranges for R and FR as previously
discussed for the R:FR ratio, but we note that confining the ratio
from 0 to 1 can have a bigger impact than the wavelength range.
We plot the same data as Fig. 4A by using the new R fraction
instead of the R:FR ratio in Fig. 4B.

Smith (1990) showed that the relationship between the R
fraction and the change in stem-extension rate in Sinapis
alba was more linear than the relationship between PPEm and
the change in stem-extension rate. But, the implications were
not heavily discussed and the metric never became widely
used.

Pfr/Ptotal, like the R fraction, is confined to values between 0
and 1. However, based on the photochemical properties, Pfr
/Ptotal is actually confined to values between 0 and 0.89
(Lagarias et al., 1987, Fig. 4). R activates Pr into Pfr and FR
reconverts Pfr back into Pr, so it makes sense that the R fraction
(R/R+FR) is well correlated with PPE (Pfr / Pr + Pfr).

FR Fraction: An Improved Metric

The active form of phytochrome (Pfr) suppresses stem
elongation by interacting with and degrading PIFs, which are
involved in the expression of shade-avoidance (cell wall and
auxin-related) genes (Casal, 2012; de Lucas and Prat, 2014).
Therefore, Pfr/Ptotal, R fraction and the R:FR ratio have an
inverse relationship with the parameters of interest in controlled
environments like stem length (Morgan and Smith, 1976, 1978,
1979; Park and Runkle, 2017, 2018). Perhaps many researchers
have used the R:FR ratio because in the natural environment it
is generally confined to values between �0 and 1. An FR:R
ratio would not be confined in the same way. But positive

correlations are more intuitive than negative correlations, and
thus the FR fraction is more intuitive than the R fraction. The
FR fraction is the mirror image of the R fraction (Fig. 4C) and
uses the same wavelength ranges described previously. It is
calculated as follows:

FR fraction =
FR

R +FR
=

1

1 +R : FR
½2�

An FR:R ratio was used by M. Kasperbauer in several
studies that investigated neighbor perception (Kasperbauer,
1971; Kasperbauer and Karlen, 1994) or reflectivity of colored
mulches (Decoteau et al., 1990; Kasperbauer and Hunt, 1992).
These studies do not provide an explanation for the use of the
FR:R ratio, but the ratio is positively correlate with growth
parameters.

Comparison of a Related Ratio that Evolved to Eventually
Range from 0 to 1

The evolution to a simpler, more intuitive ratio has similar-
ities with metrics used in remote sensing of vegetation. Jordan
(1969) proposed the ratio vegetation index [RVI (reflectance at
900 nm divided by the reflectance at 680 nm)] to assess
chlorophyll content and fraction of groundcover by leaves.
But like the R:FR ratio, this original metric was nonlinear and
approached infinity in dense vegetation. To reduce these issues,
Tucker (1978) introduced the difference vegetation index (the
difference in intensity between 900 and 680 nm), but this
difference increased with light intensity, so it was later nor-
malized to the intensity by dividing by the total photon flux.
This resulted in a metric that ranges from 0 to 1 as the canopy
density increases from bare soil to complete cover. This
improved metric is now widely used and called the normalized
difference vegetation index [NDVI (Gamon et al., 1995)].

Another metric that is still evolving is root mass fraction
(root mass divided by total mass). Many researchers still
publish root:shoot ratio (root mass divided by shoot mass),
but this ratio starts at infinity in a germinating seed and
decreases nonlinearly as the plant ages. By contrast, root mass

Fig. 4. (A) Relationship between red to far-red ratio (R:FR ratio), measured with a R:FR sensor (SKR110; Skye Instruments, LlandrindodWells, UK) and estimated
phytochrome photoequilibrum (PPEe) using weighting factors from Sager et al. (1988). The R:FR ratio approaches infinity, but PPE reaches a maximum of 0.89.
(B) Relationship between R fraction (R/R+FR) and estimated PPE. The curve is more linear. (C) Relationship between FR fraction and PPEe. This ratio is
positively correlated with growth parameters like stem length and leaf area, so this may be the preferred ratio. Both PPEe and R fraction are negatively correlated
with stem length and leaf area.
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fraction starts at 1 and slowly decreases over the life cycle.
Metrics that use a total in the denominator are more intuitive.

A Comparison of Metrics

To demonstrate the value of this improved index, we
normalize (to the grand mean of both studies) and regraph
geranium (Pelargonium ·hortorum ‘Pinto Premium Orange
Bicolor’) stem length data from Park and Runkle (2017, 2018)
using PPEe, the R:FR ratio, and the FR fraction as the
independent variable (Fig. 5). It should be noted that the
R:FR ratio and FR fraction are calculated with wider 100-nm
bandwidths rather than the narrower 20-nm bandwidths we
suggested earlier. This is because these authors reported R and
FR in these 100-nm bands. In addition, because these data come
from a study that uses LEDs centered at�660 and 730 nm (with
no white LEDs), the 100-nm range and the 20-nm range would
produce very similar results. We exclude data from the most
recent publication by these authors because it also altered the
amount of blue, inducing morphological effects outside the R
and FR ranges (Park and Runkle, 2019). These data contain
three R:FR ratios that do not have any FR, which the authors
report as 1:0. Because division by zero is undefined, we
arbitrarily set FR equal to 0.01, 0.025, and 0.05 (relative to
R = 1) in these cases (Fig. 5B and C). The alternative is to assign
these FR values the same low value, but this would have caused
clumping of data, which may not occur in LED fixtures (see the
flat part of Fig. 4A). In addition, the arbitrary values demon-
strate the hyperbolic function often seen when graphing data
with the R:FR ratio. Our arbitrary values can be obtained with a
spectroradiometer, but the measurement depends on the dark
calibration and signal-to-noise ratio.

Between 0 and 10, the R:FR ratio is still a good predictor of
stem length (Fig. 5B, inset), but large R and small FR values
significantly alter the correlation between the R:FR ratio and

stem length (Fig. 5B) and the curve is highly nonlinear.
Especially in sole-source LED plant factories, which often lack
FR, the R:FR ratio is clearly a poor metric to predict phyto-
chrome-controlled responses. Zhang et al. (2020) similarly
concluded that the R:FR ratio could change drastically while
PPEe remained relatively constant. They further found that the
growth in Antirrhinum majus, Petunia ·hybrida, and Zinnia
elegans was better correlated with PPEe than the R:FR ratio,
indicating that this was the superior metric. PPEe presented here
also appears to be a reasonably good metric. However, as we
have discussed previously, there are good reasons to be skep-
tical of this approach. As we learn more about phytochrome
kinetics and downstream processes, this ratio may be incorpo-
rated into complex and mechanistic models that have better
predictive ability, but for now perhaps environmental signals
are better metrics.

The FR fraction (and the R fraction, not shown) is not
sensitive to extremely high R or low FR (Fig. 5C). These
examples demonstrate that the FR fraction is intuitively corre-
lated with shade-avoidance growth parameters and confined to
values from 0 to 1. This metric is well suited to controlled
environment plant production. In addition, because experi-
ments performed in controlled environments are used to predict
responses in the natural environment, this may indicate that it is
also a better metric under natural conditions.

It is important to remember that the R:FR ratio, PPE, and
the FR fraction can only predict morphological responses
caused by phytochrome. The effects of blue light are not
assessed with these metrics. Although PPEe includes some
sensitivity to violet and ultraviolet photons, these effects are
minimal compared with blue light receptors like crypto-
chromes (Park and Runkle, 2019; Runkle and Heins, 2001).
Cryptochromes interact with many of the same transcription
factors as phytochrome (de Wit et al., 2016). Blue and green
photons have been proposed to act antagonistically in a

Fig. 5. Represented geranium (‘Pinto Premium Orange Bicolor’) stem length data estimated from two papers by Park and Runkle (2017, 2018). These data come
from Fig. 2 in both papers. Gray circles are from the 2017 paper and were grown for 29 to 30 d. The open circles are from the 2018 paper and were grown for 36 to
39 d. Data are normalized to the grand mean of both studies. (A) The reported estimate of phytochrome photoequilibrium (PPEe) compared with stem length. (B)
The red to far-red ratio (R:FR ratio) compared with stem length. Because Park and Runkle report R:FR ratios with no FR as 1:0, we arbitrarily chose 0.005, 0.025,
and 0.01 (relative to R = 1). Notice the extremely large scale of the x-axis and how the data are sensitive to the small value of FR that might be provided by a
spectroradiometer. These values are not unreasonable, as they depend on the dark calibration and signal-to-noise ratio. (C) FR faction (FR/R+FR) compared with
stem length. (C) uses the same data as (B) and are calculated using Eq. [2]. Notice that the FR fraction is not nearly as sensitive to small quantities of FR compared
with the R:FR ratio.
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manner similar to R and FR (Banerjee et al., 2007; Bouly
et al., 2007), and thus models describing cryptochrome
kinetics have been developed that resemble phytochrome
kinetic models (Procopio et al., 2016). Future studies should
investigate interactions of the R and blue photons antagonis-
tically acting against FR and green photons.
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Supplemental Material 1. Method and Theory of Directly
Measuring PPE (Pfr/Ptotal) in Etiolated Tissue

This method is primarily explained by Klein et al. (1967),
Kendrick and Frankland (1968), and Klose (2019). The tech-
nique was modified from Butler et al. (1963).

These measurements must be made with chlorophyll-defi-
cient tissue because chlorophyll affects the measurements, even
at small concentrations. This means that either dark grown
etiolated tissue or norflurazon-treated tissue must be used.
Hypocotyl hooks tend to have a relatively large concentration
of phytochrome and therefore this tissue is generally used for
measurements. To assess the status of the major phytochrome in
light grown plants, phytochrome-B, mutants are often used that
are phytochrome-A deficient and phytochrome-B overexpress-
ers (Klose et al., 2015). The tissue is packed tightly into a
cuvette for measurements.

This technique requires a spectrophotometer, which mea-
sures the absorbance [or optical density (OD)] of two wave-
lengths simultaneously and calculates the difference between
them, DOD. This instrument is called a dual wavelength
spectrophotometer and is described in Butler et al. (1963) and
Klose (2019). The two wavelengths used to calculate the DOD
are 730 and 800 nm, such that DOD = OD730 – OD800. These
wavelengths are chosen because the absorbance peak of Pfr is
close to 730 nm and 800 nm is a stable reference wavelength
that does not change on irradiation. Chlorophyll can still affect
the readings in this region. These measurements rely on the
Beer-Lampert law that states that concentration is proportional
to absorbance. Therefore, DOD is roughly a proxy for the
concentration of Pfr.

First, samples in the cuvettes are exposed to the photon
source of interest. Then they are placed in the dark, frozen, and
transported to the spectrophotometer where an initial DOD
measurement is made, DODi. Then the sample is exposed to
saturating actinic red irradiation (�660 nm) and the DOD is
measured again, DODR. If only Pr is absorbed at 660 nm,
saturating red radiation would convert all the phytochrome to
Pfr, and DODR would thus be a proxy for the total pool of
phytochrome (Ptotal). However, that is not the case, and both Pr
and Pfr absorb at 660 nm, so DODR must be corrected to
estimate Ptotal using an estimation of PPE under saturating red
photons. Many publications have calculated this value, called
Xfr

red eq, j660 or PPER. Smith and Holmes (1977) used an
estimation from Pratt (1975), but this appears to be a low
estimate (see Lagarias et al., 1987; Mancinelli, 1994). A good
estimate of j660 is 0.89.

Finally, the sample is exposed to saturating actinic FR
(�730 nm) radiation, which converts all the phytochrome to
Pr, reaching a Pfr minimum, DODFR. Unlike 660 nm, which is
absorbed significantly by both forms of phytochrome, 730 nm
radiation is predominately absorbed by Pfr. Pr may cause less
than 1% of the absorbance, but this error is small enough to be
ignored. Therefore DODFR should be a proxy for a Pfr concen-
tration of zero, and therefore it is treated as noise and is
subtracted from both DODi and DODR as follows:

�
Pfr

�
}DODi –DODFR ½S1:1�

½Ptotal�}DODR –DODFR

f660
½S1:2�

Therefore, the final calculation of measured phytochrome
photoequilibrium under a specific photon source uses the
following equation:

PPE =
f660 · ðDODi –DODFRÞ

DODR –DODFR
½S1:3�

This technique can measure only the relative ratio of all the
phytochromes (5 in Arabidopsis and 3 in rice), unless the use of
mutants is adopted. In the main text, we say that only PPE can
be measured with this technique, not [Pfr] or [Ptotal], but a semi-
absolute measurement of Ptotal can be measured using Eq.
[S1.2] if careful sample preparation is undertaken. With
careful preparation in a single species, the scattering of light
within the tissue can be assumed to be the same, and thus an
absolute value of Ptotal can be obtained with units of DDOD/mg
fresh weight (Klose, 2019). However, it seems unlikely that
Ptotal can be compared among species and between young
and old tissue due to differences in light-scattering. This would
indicate that the careful measurement of Ptotal is only a semi-
absolute value.

Supplemental Material 2. Environmental Factors
Impacting the Red (R) Far Red (FR) Ratio (R:FR Ratio) in

Sunlight

The R:FR ratio of unfiltered sunlight varies widely and
values have been reported as low as 0.7 to as high as 1.8
(Holmes and Smith, 1977a; Kotilainen et al., 2020; Salisbury,
1981; Smith, 1982, 1994). In the natural environment, water
vapor, location, and the time of day also affect the R:FR ratio.

It is often thought that in full sunlight near solar noon, when
the sun is at a low zenith angle (high elevation angle), the R:FR
ratio is relatively constant �1.15 (Franklin and Whitelam,
2005; Smith, 1982), but recent data by Kotilainen et al. (2020)
demonstrate the influence of atmospheric water vapor, location,
and the time of day on the R:FR ratio. There is an atmospheric
water vapor absorbance band with a peak at 723 nm and two
oxygen absorbance bands in the R and FR region (Patadia et al.,
2018; Smith, 1982) (Fig. 1). The water absorbance band
depends on the amount of moisture in the atmosphere; the
oxygen absorbance band is affected by length of the atmo-
spheric path. Furthermore, light scattering through the atmo-
sphere at low sun angles near dawn and dusk has historically
been thought to significantly reduce the R:FR ratio. This has led
to many end-of-day FR studies (Kasperbauer, 1971; Salisbury,
1981). More recent data indicate that low sun angles can
significantly increase the R:FR ratio in some environmental
conditions (Kotilainen et al., 2020). Collectively, these factors
alter R:FR ratios in full sunlight in the natural environment.
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