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Introduction: Far-red (FR; 700—-800 nm) light and the difference between day
and night temperature (DIF) interactively regulate plant morphology and growth.
FR light and +DIF synergistically promote stem elongation, often reducing leaf
expansion and overall growth. In contrast, blue light effectively suppresses stem
elongation. We hypothesized that when stem elongation is suppressed by blue
light, the combination of FR light and +DIF may enhance leaf expansion, instead
of stem elongation, thereby enhancing photon capture and final biomass.
Methods: To determine the interactive effects among FR light, DIF, and blue light,
arugula ‘Astro” and romaine lettuce ‘Green Forest’ were grown under two blue
light photon flux densities [50 (low B) and 120 (high B) umol m™2 s x three FR
fractions (0.01, 0.17, and 0.33) x three DIF treatments [+8 DIF (28/20 °C), O DIF
(24/24°C), -8 DIF (20/28°C)]. Total photon flux density was 200 pmol m™2 s™* for
the low and 270 umol m~2 s for the high blue treatments.

Results: Our results showed that FR light and +DIF interactively regulated leaf
expansion and stem elongation, but this effect was diminished at high blue light. In
both species, under low blue light, FR light and +DIF synergistically promoted stem
elongation. However, high blue light effectively suppressed the excessive stem
elongation induced by FR light and +DIF, preserving their positive effects on total
leaf area and biomass. In arugula, FR light and +DIF synergistically enhanced leaf
expansion, rather than stem elongation, under high blue light. Morphological
acclimation, such as thinner leaves under FR light and +DIF, led to a decrease in
single-leaf daily carbon gain, whereas high blue light improved daily carbon gain by
enhancing leaf thickness and pigment levels. Furthermore, while FR light generally
reduced phenolic content and antioxidant capacity, +DIF and blue light increased
flavonoid and phenolic levels as well as antioxidant capacity.
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Discussion: Overall, these results demonstrate that blue light is a critical
determinant of whether the individual and interactive effects of FR light and
+DIF are beneficial or detrimental to crop growth.

KEYWORDS

indoor farming, morphological modification, photon capture, cryptochromes,
phytochromes, secondary metabolites, shade avoidance syndrome

1 Introduction

Light not only supplies the energy required for photosynthesis
but also regulates diverse aspects of plant growth and
developmental processes (Demotes-Mainard et al., 2016; Wang
et al, 2020). In dense vegetation, upper green leaves absorb most
of the red (R; 600-700 nm) light while transmitting and reflecting a
greater proportion of far-red (FR; 700-800 nm) light. This spectral
filtering by the canopy decreases the R:FR ratio, which serves as a
shade signal. The higher proportion of FR light triggers shade
responses, including leaf expansion and elongation, stem
elongation, and hyponasty, which is mediated by phytochrome
(PHY) photoreceptors (Halliday and Whitelam, 2003; De Wit et al.,
2016; Ballaré and Pierik, 2017). The inactivation of PHYs under FR
light increases the abundance of Phytochrome-Interacting Factors
(PIFs), which in turn regulate a suite of genes associated with cell
expansion and hormonal signaling (Sellaro et al., 2017). In
controlled environment agriculture, FR light-induced
morphological changes such as increased leaf expansion have
been utilized to enhance photon capture and crop yield, given the
strong correlation between photon capture and biomass
accumulation (Klassen et al., 2004; Park and Runkle, 2017; Meng
and Runkle, 2019; Zhen and Bugbee, 2020a; Legendre and van
Tersel, 2021).

In addition to light, plant morphology is influenced by
temperature conditions (thermomorphogenesis) (Casal and
Balasubramanian, 2019). Vegetative growth is affected by two
main types of temperature cues: average temperature and diurnal
temperature fluctuation, commonly referred to as the difference
between day temperature and night temperature (DIF) in
horticultural field. Beyond the acceleration of metabolic processes,
warm temperature stimulates specific morphological changes,
including leaf and stem elongation, and leaf expansion (Casal and
Balasubramanian, 2019). Similarly, plants grown under positive
DIF (+DIF; warmer day than night) generally showed increases in
plant height, internode length, and leaf angle, whereas those under
negative DIF (-DIF; cooler day than night) exhibited more compact
morphology (Erwin et al., 1989; Erwin and Heins, 1995; Ohtaka
et al., 2020).

Consistent with their morphological similarity to FR light
response, both average temperature and diurnal temperature
fluctuation (i.e., DIF) can be perceived by PHYB photoreceptors
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(Thingnaes et al., 2008; Jung et al., 2016; Legris et al., 2016; Ohtaka
et al., 2020). Through this shared signaling mechanism, FR light
interacts with the temperature cues to regulate plant morphology.
For example, the combination of FR light and warm temperature
synergistically promotes stem or hypocotyl elongation (Romero-
Montepaone et al., 2021; Burko et al., 2022). This response,
however, often occurs at the expense of leaf development,
ultimately reducing total leaf area and biomass accumulation
(Jeong et al, 2024a). These findings indicate that the excessive
stem elongation induced by FR light and warm temperature can
limit leaf growth and lead to potential yield loss. Similarly, +DIF can
also enhance plant sensitivity to FR light, resulting in more
pronounced stem elongation compared with —DIF (Patil and
Moe, 2009; Jeong et al., 2024b). The synergistic stem elongation
by FR light and +DIF are comparable to the response observed
under FR light and warm temperature, potentially reducing leaf area
and overall biomass. However, most studies on the interaction
between FR light and +DIF have primarily focused on stem
elongation, while the implications for leaf development and its
subsequent effects on plant growth remaining poorly understood.

Morphological responses to FR light further depend on light
intensity (Park and Runkle, 2019; Kusuma and Bugbee, 2023). For
instance, higher light intensity (200 and 500 pmol m™ s™')
effectively suppressed FR light-induced stem elongation,
compared with a lower light intensity (100 umol m™ s™') in
lettuce (Kusuma and Bugbee, 2023). Under high light, FR light
preferentially promoted leaf expansion rather than stem elongation.
In these previous studies, blue light (B; 400-500 nm) intensity
increased with increasing total light intensity. Blue light plays a
central role in suppressing shade responses, such as leaf and stem
elongation, in various crops such as lettuce, tomato, basil, and kale
(Kaiser et al., 2019; Meng et al., 2019; Park and Runkle, 2019; Shin et
al., 2025). Blue light suppresses shade responses by activating
cryptochrome (CRY) photoreceptors, thereby inhibiting PIF
activity and associated hormonal regulations (Ma et al., 2016;
Procopio et al., 2016; Wang and Lin, 2020). Consequently, blue
light promotes the development of a “sun-type” morphology
characterized by compact growth, thick leaves, and high
photosynthetic capacity (Savvides et al., 2012), whereas the
absence of blue light can lead to reduced canopy light
interception with epinasty (leaf rolling) and ultimately decreased
biomass accumulation (Jeong et al., 2025).
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Light spectra and temperature also modulate the accumulation
of various photosynthetic pigments and secondary metabolites and
antioxidant capacity, which are closely associated with nutritional
quality and visual appearance (Shamloo et al., 2017; Zhang et al.,
2021). FR light generally reduced the accumulation of chlorophylls,
carotenoids, and phenolics (Li and Kubota, 2009; Stutte et al., 2009;
Toledo-Ortiz et al., 2010). In contrast, exposure to blue light has
been widely reported to enhance photosynthetic pigments, such as
chlorophyll and carotenoids, as well as diverse secondary
metabolites (Li and Kubota, 2009; Johkan et al., 2010; Salam
et al., 2023). The influence of DIF on pigments and secondary
metabolite accumulation is less characterized. Some studies have
reported that, compared to -DIF, +DIF resulted in higher
chlorophyll concentration in some species, including basil, lemon
balm, and tomato (Vagen et al., 2003; Yuan, 2016).

Regulation of light spectra has become one of the key strategies
for enhancing the crop productivity and nutritional quality of leafy
greens. However, day-night temperature differences naturally occur
with sunset and sunrise or with the turning on and off of artificial
lighting, and these fluctuations vary with daily and seasonal
environmental conditions. In controlled environments (e.g.,
indoor farms and greenhouses), DIF is also often intentionally
manipulated to achieve desirable morphological traits and to
improve crop yield and photosynthetic performance in various
crops (Erwin et al, 1989; Erwin and Heins, 1995; Kanno and
Makino, 2010; Matsuda et al,, 2014). Given that light spectral
conditions and temperature regimes (i.e., DIF) often coincide, it is
essential to understand how these factors interact to regulate plant
morphology, physiology, and overall growth. Despite their
importance, the interactive effects of light spectra and DIF on
plant growth, morphology, and physiology remain poorly
understood. In this study, we hypothesized that the synergistic
stem elongation induced by FR light and +DIF may limit leaf
growth, thereby reducing crop yield. However, we further
hypothesized that the inhibitory effects of blue light on stem
elongation could mitigate the potential problem. The objectives of
this study were 1) to investigate how FR light and DIF interact
under different blue light intensities, with a focus on morphology,
photosynthetic performance, pigmentation, and secondary
metabolite accumulations and 2) to identify potentially optimal
combinations of these environmental factors for crop yield
and quality.

2 Materials and methods
2.1 Plant materials

In a glass-covered greenhouse, 450-mL square pots were filled
with all-purpose soilless substrate (BM6, Berger, Saint-Modeste, QC,
Canada). Romaine lettuce (Lactuca sativa) ‘Green Forest’ (1 seed/pot)
and arugula (Eruca sativa) ‘Astro’ seeds (3 seeds/pot) were used in
this experiments (Johnny’s Selected Seeds, Winslow, ME, USA). Six
days after sowing, both romaine lettuce and arugula seedlings were
transferred to growth chambers (Environmental Growth Chambers,
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Chagrin Falls, OH, USA). For arugula, seedlings were chosen based
on their homogeneity and then thinned to one plant per pot.
A nutrient solution comprising 150 mg L' N, prepared using a
water-soluble fertilizer (21 N-2.2 P-16.6 K; Peters 21-5-20; The
Scotts Company, Marysville, OH, USA), was manually applied to
the plants as needed. Lettuce and arugula were grown together in the
same experimental units.

2.2 Temperature and light treatments

This study included 18 treatments formed by combining three
temperature regimes with various light spectra (Table 1). Three
growth chambers (2.9 m x 1.4 m x 2.4 m; length x width x height;
Growtainers®; Sycamore, IL, USA) with temperature set at 20, 24,
and 28°C, respectively, were used. Three DIF conditions were used: -8
DIF, ODIF, and +8 DIF. To create -8 DIF and +8 DIF, plants were
moved between the 20°C and 28°C growth chambers twice daily:
once within 30 minutes before the start of the light period and again
at the beginning of the dark period. The ODIF condition was
maintained at a constant temperature of 24°C throughout both the
light and dark periods. All treatments had a 12/12 h light/dark
photoperiod (08:00 — 20:00). Each chamber was divided into six
sections (0.7 m x 0.7 m x 0.7 m; length x width x height) using
reflective cardboard to accommodate spectral treatments consisting
of blue, green (G; 500-600 nm), R and FR light. A total of six spectral
treatments were used under each temperature condition: three with
low blue photon flux density and three with high blue photon flux
density. In the low blue treatments (50 wmol m~ s of blue light), the
total photon flux density (TPFD; 400-800 nm) was set to 200 pmol
m™2 s, Three spectral treatments were applied: BsoGsoR;20FR,
B50G30R100FRy0 and BsoGzoRgoFRyg, which corresponded to FR
fractions [FR/(R +FR)] of 0.01, 0.17, and 0.33, respectively
(Figure 1). The subscript number represents the photon flux
density in umol m™> s™'. In the high blue light condition (120
umol m? s of blue light), TPFD was set to 270 umol m > s,
The three spectral treatments were B;50G30R;120FRg, B120G30R100FR20
and B1,0G30RgoFRy0, corresponding to FR fractions of 0.01, 0.17, 0.33,
respectively (Figure 1). Two TPFD levels- 200 pmol m™ s™' in
treatments with low blue light and 270 umol m™ s™" in treatments
with high blue light, were implemented to maintain a consistent
phytochrome photoequilibrium (PPE) across spectral treatments.
The spectral treatments were established using PHYTOFY® RL
LED research lighting system (Osram, Munich, Germany). Photon
flux density at plant height (30 cm below the LEDs) was measured at
fourteen locations within each treatment area using a
spectroradiometer (PS100; Apogee Instruments, Logan, UT, USA).
A type-E thermocouple was installed in each chamber section and
connected to a data logger (CR1000; Campbell Scientific, Logan, UT,
USA) to measure air temperature every 5s and the average of every 20
min was recorded. The average air temperature of chambers was 21.1,
24.5, and 28.5°C for replicate 1, 20.6, 23.9, and 28.0°C for replicate 2,
and 20.2, 24.1, and 28.8°C for replicate 3 (Supplementary Figure 1).
To minimize spatial variations in light intensity, plants within each
treatment were rotated randomly every day.
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TABLE 1 Temperature, light spectral characteristics, and photon flux density used.

FR
TPFD? Temperature 2 1 Pt o -1, 2 1 fraction Estimated
B (umol m G (umolm R (pmol m FR (umolm B (% G (% R (% FR (%
sl a2 =) [Day/Night (°C)] (7] s™) (7] s (umol s™) (Hmol s VAl VAl VAl VAl [FR/ ppEY
(R+FR)]
50 30 120 0 25 15 60 0 0.01 0.87
20128 50 30 100 20 25 15 50 10 0.17 0.83
(-8 DIFY) ’ ’
50 30 80 40 25 15 40 20 0.33 0.78
50 30 120 0 25 15 60 0 0.01 0.87
200 2424 50 30 100 20 25 15 50 10 0.17 0.83
(0 DIF) 3 .
50 30 80 40 25 15 40 20 0.33 0.78
50 30 120 0 25 15 60 0 0.01 0.87
28/20
(+8 DIF) 50 30 100 20 25 15 50 10 0.17 0.83
50 30 80 40 25 15 40 20 0.33 0.78
120 30 120 0 44 11 44 0 0.01 0.86
20/28
12 1 2 44 11 .1 .82
(-8 DIF) 0 30 00 0 37 7 0.17 0.8:
120 30 80 40 44 11 30 15 0.33 0.77
120 30 120 0 44 11 44 0 0.01 0.86
270 2424 120 30 100 20 44 11 37 7 0.17 0.82
(0 DIF) ’ ’
120 30 80 40 44 11 30 15 0.33 0.77
120 30 120 0 44 11 44 0 0.01 0.86
28120 120 30 100 20 44 11 37 7 0.17 0.82
(+8 DIF) 3 .
120 30 80 40 44 11 30 15 0.33 0.77

“TPFD, Total photon flux density (umol m?s; 400 to 800 nm).

YEstimated PPE, Phytochrome photoequilibrium calculated based on Sager et al. (1988).

*DIF, Difference between day and night temperature (i.e., Daytime temperature - nighttime temperature).

Light spectra consisted of blue (B; 400-500 nm), green (G; 500-600 nm), red (R; 600-700 nm), and far-red (FR; 700-800 nm) photons from light-emitting diodes. The subscript after each

waveband indicates its photon flux density in pmol m™2 s™".
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FIGURE 1

Spectral distributions of six light treatments consisted of blue (400-500 nm), green (500-600 nm), red (R; 600-700 nm), and far-red (FR; 700-800
nm) photons delivered by light-emitting diodes. Two different levels of blue light [50 (low blue light; (A) and 120 (high blue light; (B) umol m~2 s,
three different far-red (FR) fractions [FR/(red (R) + FR); 0, 0.17, and 0.33] were used. The total photon flux density was 200 pumol m=2 s™* for low blue
light and 270 umol m~2 s™* for high blue light conditions.
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2.3 Data collection

2.3.1 Plant morphology and growth parameters

Morphological and growth parameters were measured at
harvest [20 days after treatment (DAT) for arugula and 23 DAT
for lettuce]. For both lettuce and arugula, total leaf number, leaf
length, leaf width, and stem length were recorded. Total leaf area
was measured with a leaf area meter (LI-3100; LI-COR Biosciences,
Lincoln, NE, USA). Fresh weight (FW) and dry weight (DW;
determined after drying at 80°C for 7 days in a drying oven) of
leaves, stems, and roots were recorded. The proportions of stem
DW (%), leaf DW (%), and root DW (%) in total DW were
calculated. Specific leaf area was determined by dividing total leaf
area by leaf DW.

2.3.2 Photosynthetic measurement

Single-leaf photosynthetic analysis was conducted on the most
recently fully expanded leaves one to three days prior to harvest.

After dark-adaptation for 30 minutes using dark period (22:00 -
23:00), the minimum fluorescence (F,) was measured using a
chlorophyll fluorometer (OS5p; Opti-Science, Inc., Hudson, NH,
USA). Then, the maximum fluorescence (F,,) was measured by
applying a saturating light pulse. The maximum quantum efficiency
of PSII photochemistry was calculated as F,/F,,, where F, represents
the variable fluorescence (F, = F,,, — F,). The quantum yield of PS II
(Dpsyy) was calculated using the formula [@pg; = (Fm’ — F))/Fm’],
where F’ represents the steady state fluorescence and Fm’ represents
the maximum fluorescence measured in the light-adapted state
(Baker, 2008).

The net CO, assimilation rate (P, jign) and dark respiration
rate (Ryq«) were measured using a CIRAS-3 portable gas exchange
analyzer (CIRAS-3; PP systems, Amesbury, MA, USA) with a PLC3
leaf cuvette (25x18 mm) and a clear top chamber. P, jign: and R ak
were measured during the daytime (10:00 - 16:00) and nighttime
(22:00 - 02:00), respectively, one to three days prior to harvest
(same day for measuring chlorophyll fluorescence). The CO,
concentration inside the cuvette was controlled and held constant
at 390 umol mol .

Daily carbon gain at the single-leaf level was estimated by
integrating carbon exchange rate over a 24-h period, using the
following equation (Van Iersel, 2003; Frantz et al., 2004):

Estimated daily carbon gain (mol CO, m™2d™")
= (Pet, tign % light period — [Ryqp| % dark period)

Where the light and dark period were 12 hours each in this
study. |Ryai| represents the absolute value of the dark respiration
rate. Photosynthetic analyses were conducted under the given light
treatments using incident light. A spectroradiometer (PS-100) was
used to confirm that the target light conditions were achieved.

2.3.3 Pigments, secondary metabolites, and
antioxidant capacity measurement

The youngest matured leaves were collected at midday, one day
before harvest, for the measurement of photosynthetic pigments,
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secondary metabolites, and antioxidant capacity. Immediately after
collection, the samples were immersed in liquid N,, homogenized using
a mortar and pestle, and stored at -80°C until subsequent analysis.

To measure photosynthetic pigment, fresh plant tissue (50 mg)
was placed in a 2-ml tube containing 1.5 ml pure methanol and kept
out of light at 4°C for 24 hours. After extraction, samples were
vortexed vigorously under low light followed by centrifugation at
10,000 rpm for 10 minutes at 10°C. Absorbance readings were taken
against a pure methanol blank at four wavelengths using the
Thermo Scientific Genesys 10S UV-VIS spectrophotometer: 750
nm (A5 = 0 for a clear extract), 665.2 nm (chlorophyll a maximum
in methanol), 652.4 nm (chlorophyll b maximum in methanol), 470
nm (carotenoids). Pigment concentrations were determined from
the formulas according to Wellburn (1994), with slight
modifications as follows.

Chla (ugml™) =16.72 x (Aggs2) —9.16 X (Agsp.a)
Chlb(ugml™) = 34.09 x (Agsrq) — 15.28 X (Aggs2)

Car (ugml™) = [1000 x (A) - 1.63 x (Chla) — 104.96
x (Chlb)]/221

Secondary metabolites and antioxidant capacity were measured
as described in Dou et al. (2019). For extraction, 100 mg of fresh
samples was homogenized in 0.75 ml 1% acidified methanol at 4°C
in darkness. After overnight extraction the mixture was centrifuged
at 10,000 g for 10 min, and the resulting supernatant was collected
for subsequent analysis. For total phenolic content, a 100 puL of
extract was transferred to combine with 150 pL distilled water and
750 UL 1/10 dilution Folin-Ciocalteau reagent. After 6 mins, 600 UL
0f 7.5% sodium carbonate (Na,COj3) was added followed by shaking
for 30s and incubation at room temperature for 2 hours. Finally,
absorbance was measured at 725 nm using a microplate reader
(ELx800, Bioek, Winooski, VT, USA), while making sure that there
were no bubbles in the microplate. Results were expressed as
milligram gallic acid equivalent (GAE) per gram FW.

For total flavonoids, a 20 pL extract was placed into microplates
followed by the addition of 85 pL distilled water and 5 pL 5%
sodium nitrite (NaNO,). Mixture was kept for 6 mins to react and
then 10 pL 10% aluminum chloride hexahydrate (AlCl;-6H,0) was
added. After 5 mins, 35 uL of 1M sodium hydroxide (NaOH) and
20 uL distilled water were added into the mixture. The mixture was
shaken vigorously, and absorbance was immediately measured at
520 nm using the ELx800 microplate. The results were expressed as
mg of (+)-catechin hydrate (CE) equivalents/g of fresh weight for
total flavonoid.

Likewise, antioxidant capacity was evaluated using the 2,2’
azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS)
decolorization assay described by Arnao et al. (2001). A 50 uL of
extracts was mixed with 950 uL ABTS solution, incubated at room
temperature for 10 min. Absorbance readings were then measured
at 734 nm using the microplate reader ELx800. The results were
expressed as milligrams of Trolox equivalent antioxidant capacity
per gram FW of arugula and lettuce.
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2.4 Statistical analysis

This experiment was replicated three times. For each replicate,
four plants (subsamples) per species per treatment were included in
each of the eighteen treatments, consisting of two different blue light
intensities (50 and 120 pmol m 2 s7Y), three FR fraction (0.01, 0.17,
and 0.33), three DIF treatments [+8DIF (28/20°C), 0DIF (24/24°C),
-8DIF (20/28°C)]. A split-plot block design was employed, with
temperature assigned as the main-plot factor and spectral quality as
the sub-plot factor. In each replicate, the chamber temperature
settings and the allocation of spectral treatments were randomized.
Prior to statistical analysis, subsample data were averaged. The
normality of residuals was tested using the Shapiro-Wilk test, and
the homogeneity of variances was assessed using the Brown-Forsythe
test based on raw data before analysis of variance (ANOVA). A
three-way ANOVA was performed to evaluate the interactive effects
among blue light, DIF, and FR light, while a two-way ANOVA was
used to determine the interaction between DIF and FR light within
each blue light level. To investigate how the interactive effects
between DIF and FR light vary under different blue light intensity,
the data and statistical results were visualized separately for the two
blue light levels. When significant effects were detected, treatment
means were separated using Duncan’s multiple range test at p < 0.05.
All statistical analyses were conducted using the Statistical Analysis
System version 9.4 (SAS Inst., Inc., Cary, NC, USA).

3 Results
3.1 Plant morphology

Significant interactive effects among FR light, DIF and blue light
were observed in several morphological parameters in arugula and
romaine lettuce (Figures 2, 3; Supplementary Figure 2). Specifically,
total leaf area in arugula and stem length in romaine lettuce showed
significant three-way interactions, and stem length of arugula was
also interactively regulated by these environmental factors with
marginal significance (p = 0.0880) (Figure 3). Notably, the
interactive effects between FR light and DIF were dependent on
blue light intensity. Under low blue light, FR light tended to promote
leaf expansion in arugula, and no significant interaction between FR
light and DIF was observed for total leaf area. Conversely, under high
blue light, FR light and +DIF synergistically increased total leaf area,
showing a significant interaction. More specifically, 0.17 FR fraction
led to no increase in total leaf area of arugula at -DIF, a 26% increase
at ODIF, and a 49% increase at +DIF (Figures 3A, B). In contrast, FR
light and +DIF synergistically stimulated stem elongation under low
blue light, but not at high blue light, with significant interaction
between FR light and DIF only at low blue light (Figures 3C, D).
Similarly, in romaine lettuce, the stimulative effect of FR light on stem
elongation was more pronounced under low blue light than high blue
light (Figures 31, J). Total leaf area of romaine lettuce typically
decreased with increasing FR fraction, and this reduction was more
evident under +DIF with significant interaction between FR light and
DIF at both low and high blue light conditions (Figures 3G, H).
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3.2 Plant biomass

Similar to the morphological response observed in total leaf area
and stem length, significant three-way interactions were observed in
total DW and stem DW (%) in total DW in arugula, respectively
(Figure 3; Supplementary Figure 3). The interaction between FR light
and DIF on total DW of arugula was observed at high blue light level,
but not at low blue light level. Specifically, FR light showed no
significant effect on total DW of arugula at any DIF treatment under
low blue light, while resulting in no significant changes at —DIF, a
28% increase at ODIF, and a 57% increase at +DIF under high blue
light (Figures 3E, F). In contrast, stem DW (%) in total DW showed
synergistic effects between FR light and +DIF at low blue light, but
not at high blue light (Supplementary Figures 3C, D). In romaine
lettuce, total DW responded to environmental factors in a pattern
similar to total leaf area (Figures 3K, L). The combination of FR light
and +DIF synergistically decreased leaf DW (%) in total DW and
increased stem DW (%) in total DW in both low and high blue light
(Supplementary Figures 3G-J). However, the interactive effects
between FR light and DIF were more pronounced under low blue
light in both parameters.

3.3 Photosynthesis at single leaf level

No interactive effect among FR light, DIF, and blue light was
observed for the photosynthetic parameters, including F,/F,,, @pspp,
and estimated daily carbon gain, in arugula and romaine lettuce, except
for estimated daily carbon gain in romaine lettuce (Figure 4). In both
species, +DIF tended to increase F,/F,,, whereas FR light generally had
no significant effect (Figures 4A, B, G, H). @pgy; significantly increased
by FR light in both low and high blue light intensities, but the effect of
DIF on @pg; was minimal in both arugula and romaine lettuce
(Figures 4C, D, I, J). Estimated daily carbon gain was typically
decreased with increasing FR fraction (Figures 4E, F, K, L).

3.4 Pigments, secondary metabolites, and
antioxidant capacity

Photosynthetic pigments (i.e., chlorophyll a+b and carotenoids)
showed no significant three-way interaction among FR light, DIF,
and blue light in both arugula and romaine lettuce, except for
chlorophyll a+b content in arugula (Figure 5). The photosynthetic
pigments generally decrease with increasing FR fraction in both
species. +DIF increased photosynthetic pigments in arugula while
resulting in no changes or decreases in lettuce.

For secondary metabolites and antioxidant capacity, no significant
three-way interaction among FR light, DIF, and blue light was observed
in either arugula or romaine lettuce (Figures 6, 7). At both low and high
blue light intensities, +DIF significantly increased flavonoid levels in
arugula, and flavonoids, phenolics, and antioxidant capacity in romaine
lettuce. By contrast, FR light significantly reduced phenolic content at
high blue light in arugula, as well as phenolics at low blue and
antioxidant capacity at high blue light in romaine lettuce.
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4 Discussion

4.1 FR light and +DIF synergistically
promoted stem elongation under low blue
light but enhanced leaf expansion under
high blue light

Our results indicated that FR light and DIF interact to regulate
plant morphology, particularly leaf expansion and stem elongation in
arugula and romaine lettuce (Figures 2, 3; Supplementary Figure 2).
However, these interactive effects were further influenced by blue light
intensity. Notably, in arugula, the synergistic effect between FR light and
+DIF occurred in different organs (i.e., leaves versus stems) depending
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on blue light levels. Specifically, FR light and +DIF synergistically
increased total leaf area in arugula under high blue light, whereas under
low blue light, the synergistic increase was observed in stem length
(Figures 3A-D). Consistently, previous studies have shown that light
intensity strongly modulated the responses to FR light in lettuce, with
FR light promoting stem elongation at lower light intensity (100-200
umol m > s') but enhancing leaf expansion at higher light intensity
(300-500 pmol m™> s™') (Kusuma and Bugbee, 2023; Jeong et al,
2024c). These findings suggested that FR light and +DIF preferentially
promote stem elongation under low blue light, whereas they enhanced
leaf expansion under high blue light.

The shift of growth patterns in response to different
environmental cues may be associated with distinct adaptative
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The interactive effect between light spectral quality [0.01, 0.17, and 0.33 of far-red (FR) fraction] and temperature [-DIF (difference between day and night
temperature), ODIF, +DIF] on total leaf area (A, B), stem length (C, D) and total DW (E, F) of arugula and total leaf area (G, H), stem length (I, J) and total DW
(K, L) of romaine lettuce under low and high blue light conditions. Three-way ANOVA was conducted to assess the interactive effects among FR fraction,
DIF, and blue light. To further evaluate the interactions between FR light and DIF under different blue light intensities, two-way ANOVA was performed for FR
fraction and DIF within each blue light level. Different letters above the mean + SE [n = 3; subsamples (4 plants per treatment per replicate study) were
averaged before statistical analysis] indicate significant difference among the nine treatments (three FR fractions x three DIF treatments) at p < 0.05. NS

stands for non-significance.

strategies to shade signals. Plants generally adopt two contrasting
strategies: shade tolerance and shade avoidance (Valladares and
Niinemets, 2008; Gommers et al., 2013). Shade-tolerant responses
typically involve increased leaf expansion with reduced leaf
thickness, whereas shade-avoiding responses often include
enhanced hypocotyl, stem, and petiole elongation. Despite their
contrasting morphological traits, both responses ultimately aim to
maximize photon capture and thereby improve photosynthetic
carbon gain (Valladares and Niinemets, 2008). Moreover, both
strategies share a common signaling mechanism mediated
by PHYs, and their differential response arise from the activities
of negative regulators of PIFs, such as PHYA and LONG
HYPOCOTYL IN FAR-RED LIGHT 1 (HFR1) (Molina-
Contreras et al., 2019; Martinez-Garcia and Rodriguez-
Concepcion, 2023). Given that phytochrome photoequilibrium
(PPE) was comparable between blue light levels in this study
(Table 1), the changes in PHY activity cannot explain the
differential effects of FR light and +DIF on leaves and stems
under different blue light intensities. A more plausible
explanation is that blue light-activated CRYs suppressed PIF
activity and associated hormonal signaling (Ma et al., 2016; Wang
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and Lin, 2020), maintaining shade-tolerant responses even under
the combined effect of FR light and +DIF. These results indicate that
blue light influences the adaptative strategy plants adopt in response
to FR light and +DIF. This interpretation aligns with the findings of
Shin and Runkle (2025); they found that increasing light intensity
with R and FR light could not inhibit the shade responses induced
by FR light on plant morphology, emphasizing that the suppression
of FR light-mediated morphological responses at high light
intensity may be primarily attributed to blue light rather than
other spectral regions. These findings further suggest that
manipulating the blue light intensity is a key strategy utilizing
shade-tolerant leaf expansion in response to FR light under varying
temperature conditions.

Similar to arugula, lettuce exhibited a diminished synergistic
effect of FR light and +DIF on stem elongation as blue light
increased (Figures 31, J). However, unlike arugula, lettuce showed
no synergistic increase in total leaf area in response to FR light and
+DIF at either blue light level (Figures 3G, H). Consistently,
biomass allocation patterns also diverged between the two species.
Under high blue light, lettuce showed a significant decrease in leaf
fraction when exposed to the combination of FR light and +DIF, but
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The interactive effect between light spectral quality [0.01, 0.17, and 0.33 of far-red (FR) fraction] and temperature [-DIF (difference between day and
night temperature), ODIF, +DIF] on F,/F,, (A, B), @ps), (C, D) and estimated daily carbon gain (E, F) of arugula and F,/F,, (G, H), ®@ps, (1, J) and
estimated daily carbon gain (K, L) of romaine lettuce under low and high blue light conditions. Three-way ANOVA was conducted to assess the
interactive effects among FR fraction, DIF, and blue light. To further evaluate the interactions between FR light and DIF under different blue light
intensities, two-way ANOVA was performed for FR fraction and DIF within each blue light level. Different letters above the mean + SE [n = 3;
subsamples (4 plants per treatment per replicate study) were averaged before statistical analysis] indicate significant difference among the nine
treatments (three FR fractions x three DIF treatments) at p < 0.05. NS stands for non-significance.

arugula maintained its leaf fraction (Supplementary Figures 2A, B, 1, ]).
These results highlight species-specific sensitivity to FR light and
temperature. The interspecific variation in shade sensitivity is
well-documented, which is broadly categorized as shade-avoiding
species and shade-tolerant species (Valladares and Niinemets, 2008;
Demotes-Mainard et al., 2016). Beyond species-level differences, the
magnitude of the spectral response can also vary among cultivars
(Meng et al, 2019). Moreover, previous studies have reported a
specific- and cultivar-specific response to the interactive effects of
FR light and temperature (Jeong et al, 2024b; 2025). These results
underscore the necessity of considering the traits of species and
cultivars when regulating light spectrum and temperature to
manipulate plant morphology.

4.2 Blue light intensity is critical to
maintain the beneficial effect of FR light
and +DIF on leaf expansion and crop yield

Because of the strong correlation with biomass accumulation,

leaf expansion is a key determinant of crop yield through its
contribution to photon capture and canopy photosynthesis
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(Kaiser et al., 2019; Zhen and Bugbee, 2020a). Accordingly, in
horticultural production, substituting or supplementing FR light is
frequently incorporated into LED lighting systems to stimulate leaf
expansion and photon capture, thereby increasing biomass
production across a wide range of vegetable and ornamental
species (Park and Runkle, 2017; Meng and Runkle, 2019; Zhen
and Bugbee, 2020a). Meanwhile, +DIF (warmer day than night)
occurs either naturally through daytime heating or intentionally as
part of temperature management to enhance photosynthetic
efficiency and biomass accumulation (Kanno and Makino, 20105
Matsuda et al., 2014). Our study showed that FR light and +DIF
synergistically stimulate morphological modification, expressed in
different organs depending on blue light intensity (i.e., stem under
low blue light versus leaf under high blue light) (Figure 3). These
findings have two major implications in horticultural production.
First, under low blue light, the coincidence of FR light and +DIF
may unexpectedly reduce crop yield due to excessive stem
elongation that limits leaf development and overall biomass
accumulation (i.e., an enhanced shade-avoiding response).
Second, under high blue light, the combination of FR light and
+DIF effectively maximized crop yield through their synergistic
enhancement of leaf expansion and consequent biomass
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The interactive effect between light spectral quality [0.01, 0.17, and 0.33 of far-red (FR) fraction] and temperature [-DIF (difference between day and
night temperature), ODIF, +DIF] on chlorophyll a+b (A, B) and carotenoids (C, D) of arugula and chlorophyll a+b (E, F) and carotenoids (G, H) of
romaine lettuce under low and high blue light conditions. Three-way ANOVA was conducted to assess the interactive effects among FR fraction,
DIF, and blue light. To further evaluate the interactions between FR light and DIF under different blue light intensities, two-way ANOVA was
performed for FR fraction and DIF within each blue light level. Different letters above the mean + SE (n = 3 in the third replicate) indicate significant
difference among the nine treatments (three FR fractions x three DIF treatments) at p < 0.05. NS stands for non-significance.

accumulation (Figures 3E, F, K, L). For example, at +DIF, FR light
increased total DW by 49% in arugula, whereas the enhancement
was smaller (26%) at ODIF and negligible at -DIF (Figures 3E, F).
This synergistic promotion of leaf expansion occurred only when
stem elongation was effectively suppressed by blue light, indicating
that blue light intensity could play a critical role in determining
whether the interactive effects between FR light and +DIF act as a
growth-promoting or growth-limiting factor. Similarly, in lettuce,
although a clear synergistic increase in leaf expansion was not
observed, high blue light prevented the yield loss that could
otherwise have occurred by the combination of FR light and
+DIF under low blue light (Figures 3K, L). Taken together, these
results emphasize that co-optimizing spectral composition and
temperature regimes (i.e., DIF) is essential for maximizing
biomass production and maintaining stable crop yield in
controlled environmental agriculture.

4.3 Morphological and physiological
acclimation to FR light and DIF altered leaf
photosynthetic activity

FR light has been reported to synergistically enhance leaf
photosynthetic efficiency when combined with shorter
wavelengths, a phenomenon known as the Emerson enhancement
effect (Emerson and Rabinowitch, 1960; Zhen and van Iersel, 2017).
While FR light alone is largely ineffective in driving photosynthesis,
its PSI-specific excitation becomes effective when paired with shorter
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wavelengths that primarily excite PSIT (Hogewoning et al., 2012). By
providing additional excitation to PSI, FR light helps to balance
energy distribution between PSI and PSII, thereby ensuring a more
efficient electron transport through the photosynthetic apparatus
(Zhen and van Tersel, 2017; Zhen and Bugbee, 2020b). Consistently,
our study showed that @pg; was significantly increased in both
arugula and lettuce grown under higher FR light fractions compared
with treatments lacking FR light (Figures 4C, D, I, ).

Despite the enhancement of photochemical efficiency, both
species exhibited a decreasing trend in estimated daily carbon
gain per unit leaf area under FR light (Figures 4E, F, K, L). This
reduction was attributable to FR light-induced anatomical and
physiological acclimation, particularly the increase in specific leaf
area (i.e., thinner leaves) and the decrease in chlorophyll
concentration (Figure 5; Supplementary Figure 5) (Chow et al,
1990; Li and Kubota, 2009). Thinner leaves restrict CO, fixation
capacity because reduced mesophyll thickness limits the number of
chloroplasts per unit area, ultimately resulting in a lower maximum
CO, assimilation rate (Zou et al., 2019). Similarly, in our study,
plants exposed to +DIF showed lower estimated carbon gain
compared to both -DIF and ODIF, which were likely associated
with their thinner leaves (Supplementary Figure 5). In contrast,
higher blue light increased the estimated daily carbon gain under
the absence of FR light (Figures 4E, I, K, L). This may be also due to
morphological and physiological acclimation, such as increased leaf
thickness and enhanced photosynthetic pigments, to blue light
(Hoffmann et al., 2016; Samuoliené et al.,, 2017; Kong and
Nemali, 2021).
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FIGURE 6

The interactive effect between light spectral quality [0.01, 0.17, and 0.33 of far-red (FR) fraction] and temperature [-DIF (difference between day and
night temperature), ODIF, +DIF] on flavonoids (A-D), phenolics (E-H), and antioxidant capacity (I-L) of arugula under low and high blue light
conditions. Three-way ANOVA was conducted to assess the interactive effects among FR fraction, DIF, and blue light. To further evaluate the
interactions between FR light and DIF under different blue light intensities, two-way ANOVA was performed for FR fraction and DIF within each blue
light level. Different letters above the mean + SE (n = 3 in the third replicate) indicate significant difference among the nine treatments (three FR

fractions x three DIF treatments) at p < 0.05. NS stands for non-significance.

However, it should be noted that the estimated daily carbon
gain under each treatment was derived from the photosynthetic
measurement at single-leaf level. Single-leaf photosynthetic
measurement often does not align with actual crop yield (Evans,
1975; Elmore, 1980). Discrepancy is particularly evident under
conditions where plant morphology is substantially altered,
indicating that biomass accumulation (i.e., final carbon gain)
primarily depends on photon capture rather than single-leaf
photosynthesis (Jeong et al., 2024c). Consistently, although plants
acclimated to FR light typically showed a reduced single-leaf
photosynthetic rate, FR light could maintain equivalent carbon
gain at the canopy level by enhancing photon capture (Zhen and
Bugbee, 2020a). These findings explain the mismatch between the
estimated carbon gain per unit leaf area and the final biomass
observed in our study (Figures 3, 4).
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4.4 +DIF enhanced secondary metabolite
accumulation and antioxidant capacity,
while FR light tended to reduce these
parameters, with both effects independent
of blue light intensity

One of the main production objectives in indoor farming systems
is to enhance health-promoting compounds, such as secondary
metabolites (Appolloni et al., 2022; Bafort and Jijakli, 2024). Blue
light is an effective stimulus for promoting the accumulation of various
secondary metabolites and enhancing antioxidant capacity (Zhang
et al, 2021). In our study, blue light generally increased secondary
metabolite contents and antioxidant capacity in the absence of FR light
(Figures 6, 7). However, unlike its effects on morphological and
growth traits, blue light did not further modify the effects of FR
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The interactive effect between light spectral quality [0.01, 0.17, and 0.33 of far-red (FR) fraction] and temperature [-DIF (difference between day and
night temperature), ODIF, +DIF] on flavonoids (A-D), phenolics (E-H), and antioxidant capacity (I-L) of romaine lettuce under low and high blue light
conditions. Three-way ANOVA was conducted to assess the interactive effects among FR fraction, DIF, and blue light. Different letters above the
mean + SE (n = 3 in the third replicate) indicate significant difference among the nine treatments (three FR fractions x three DIF treatments) at p <

0.05. NS stands for non-significance.

light and DIF on secondary metabolite accumulation and antioxidant
capacity. For example, FR light reduced photosynthetic pigments and/
or secondary metabolites, resulting in lower nutritional quality of leafy
greens at any blue light level (Figures 6, 7). The decrease in pigment
and secondary metabolite accumulation under FR light is often
attributed to the dilution effect, which occurs alongside enhanced
leaf expansion (Kong and Nemali, 2021; Li and Kubota, 2009). The
reduction in these phytochemicals may also result from FR light
downregulating the expression of key biosynthetic genes through the
PHY-mediated signaling network (T'oledo-Ortiz et al.,, 2010).

The FR light-mediated decrease in secondary metabolite levels
could be compensated by utilizing +DIF treatments (Figures 6, 7).
Given that secondary metabolites are produced in response to
environmental stressors, the daily temperature fluctuation might
function as a stress signal that modifies metabolic pathways in
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plants (Al Jaouni et al., 2018; Pandey et al., 2018; Pant et al., 2021).
However, in our study, pigments and secondary metabolite contents
and antioxidant capacity under -DIF were similar to, or even lower
than, those under ODIF (Figures 6, 7). Moreover, the F,/F,,,, a widely
used indicator of plant stress, consistently ranged from the typical
range of healthy plants (0.79 to 0.84 in both arugula and lettuce),
which means plants have fully acclimated to the experimental
environments (Figures 4A, B, G, H) (Maxwell and Johnson,
2000). This result suggests that the environmental stress imposed
by daily temperature fluctuation was not a major factor for the
observed changes in the accumulation of pigments and secondary
metabolites and antioxidant capacity. Instead, the enhanced
secondary metabolite contents under +DIF may be associated
with the more efficient use of photosynthates, as DIF can
influence photosynthetic carbon fixation and utilization by
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regulating the balance between daytime photosynthesis and
nighttime respiration. Specifically, compared with -DIF (cooler
day/warmer night), +DIF (warmer day/cooler night) generally
enhances carbon gain because higher daytime temperatures
stimulate rubisco activity and other photosynthetic enzymes,
while cooler nights suppress respiration (Matsuda et al, 2012,
2014). This improved carbon balance under +DIF not only
supports biomass accumulation but may also increase the pool of
carbon skeletons available for secondary metabolite synthesis,
thereby contributing to enhanced production of antioxidants.

5 Conclusion

FR light, DIF, and blue light interactively influenced plant
morphology, biomass accumulation, and secondary metabolite
production in arugula and romaine lettuce. The interactive effects
of FR light and DIF were strongly dependent on blue light intensity.
These results demonstrate that blue light is a key determinant of
whether the interactions between FR light and DIF are beneficial or
detrimental to crop growth. From a practical perspective, these
findings provide valuable insights for optimizing environmental
control strategies in controlled-environment agriculture. Under low
blue light, the coexistence of FR light and +DIF may lead to
unexpected yield reductions due to excessive stem elongation and
restricted leaf development. In contrast, under high blue light
conditions, the combination of FR light and +DIF synergistically
enhanced leaf expansion, resulting in greater biomass
accumulation. Moreover, these interactive responses were species-
specific. For example, in arugula, high blue light suppressed
excessive stem elongation and enabled synergistic increases in leaf
expansion and biomass, whereas under low blue light, FR light and
+DIF caused excessive stem elongation with limited leaf expansion.
In lettuce, synergistic promotion of leaf expansion was not observed
at either blue light level; instead, high blue light effectively inhibited
stem elongation and thereby preserved the positive effects of FR
light and +DIF on leaf growth and final biomass. Regarding
nutritional quality, the reduced secondary metabolite level by FR
light could be compensated for by +DIF and higher blue light
intensity. Overall, our findings suggest that the combination of FR
light, +DIF, and high blue light intensity can be an effective strategy
to maximize both crop yield and quality in indoor farming.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Author contributions

AA: Data curation, Investigation, Writing - review & editing,
Formal analysis, Writing - original draft, Methodology. SJ:

Frontiers in Plant Science

13

10.3389/fpls.2025.1721040

Conceptualization, Formal analysis, Writing — review & editing,
Methodology, Writing — original draft, Investigation, Data curation.
SZ: Writing - review & editing. JM: Writing - review & editing. GC:
Writing - review & editing. GN: Funding acquisition, Project
administration, Writing - review & editing, Validation,
Resources, Supervision.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This research was
partially supported by USDA Hatch project TEX07726.

Acknowledgments

The authors thank the colleagues at the Urban Horticulture
Group at Texas A&M AgrilLife for their help with this study.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2025.1721040/

full#supplementary-material.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2025.1721040/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2025.1721040/full#supplementary-material
https://doi.org/10.3389/fpls.2025.1721040
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ali et al.

References

Al Jaouni, S., Saleh, A. M., Wadaan, M. A., Hozzein, W. N., Selim, S., and
AbdElgawad, H. (2018). Elevated CO, induces a global metabolic change in basil
(Ocimum  basilicum L.) and peppermint (Mentha piperita L.) and improves their
biological activity. J. Plant Physiol. 224, 121-131. doi: 10.1016/j.jplph.2018.03.016

Appolloni, E., Pennisi, G., Zauli, I, Carotti, L., Paucek, I, Quaini, S., et al. (2022).
Beyond vegetables: effects of indoor LED light on specialized metabolite biosynthesis in
medicinal and aromatic plants, edible flowers, and microgreens. J. Sci. Food Agric. 102,
472-487. doi: 10.1002/jsfa.11513

Arnao, M. B,, Cano, A., and Acosta, M. (2001). The hydrophilic and lipophilic
contribution to total antioxidant activity. Food Chem. 73, 239-244. doi: 10.1016/S0308-
8146(00)00324-1

Bafort, F., and Jijakli, M. H. (2024). “Vertical farming of medicinal plants,” in Digital
agriculture: A solution for sustainable food and nutritional security, 129-177. Springer
International Publishing, Cham.

Baker, N. R. (2008). Chlorophyll fluorescence: a probe of photosynthesis in vivo.
Annu. Rev. Plant Biol. 59, 89-113. doi: 10.1146/annurev.arplant.59.032607.092759

Ballare, C. L., and Pierik, R. (2017). The shade-avoidance syndrome: multiple signals
and ecological consequences. Plant Cell Environ. 40, 2530-2543. doi: 10.1111/pce.12914

Burko, Y., Willige, B. C., Seluzicki, A., Novak, O., Ljung, K., and Chory, J. (2022).
PIF7 is a master regulator of thermomorphogenesis in shade. Nature Communications
13 (1), 4942. doi: 10.1038/s41467-022-32585-6

Casal, J. J., and Balasubramanian, S. (2019). Thermomorphogenesis. Annu. Rev.
Plant Biol. 70, 321-346. doi: 10.1146/annurev-arplant-050718-095919

Chow, W. S., Melis, A., and Anderson, J. (1990). Adjustments of photosystem
stoichiometry in chloroplasts improve the quantum efficiency of photosynthesis. Proc.
Natl. Acad. Sci. 87, 7502-7506. doi: 10.1073/pnas.87.19.7502

Demotes-Mainard, S., Péron, T., Corot, A., Bertheloot, J., Le Gourrierec, J., Pelleschi-
Travier, S., et al. (2016). Plant responses to red and far-red lights, applications in
horticulture. Environ. Exp. Bot. 121, 4-21. doi: 10.1016/j.envexpbot.2015.05.010

De Wit, M., Galvao, V. C,, and Fankhauser, C. (2016). Light-mediated hormonal
regulation of plant growth and development. Annu. Rev. Plant Biol. 67, 513-537.
doi: 10.1146/annurev-arplant-043015-112252

Dou, H., Niu, G, and Gu, M. (2019). Pre-harvest UV-B radiation and photosynthetic
photon flux density interactively affect plant photosynthesis, growth, and secondary
metabolites accumulation in basil (Ocimum basilicum) plants. Agronomy 9, 434.
doi: 10.3390/agronomy9080434

Elmore, C. D. (1980). The paradox of no correlation between leaf photosynthetic
rates and crop yields. In: J. D. Heskethand and J. W. Jones, Predicting Photosynthesis for
Ecosystem Models 11, 155-167. Boca Raton, FL: CRC Press.

Emerson, R,, and Rabinowitch, E. (1960). Red drop and role of auxiliary pigments in
photosynthesis. Plant Physiol. 35, 477. doi: 10.1104/pp.35.4.477

Erwin, J. E., and Heins, R. D. (1995). Thermomorphogenic responses in stem and leaf
development. HortScience 30, 940-949. doi: 10.21273/HORTSCI.30.5.940

Erwin, J. E.,, Heins, R. D., and Karlsson, M. G. (1989). Thermomorphogenesis in
lilium longiflorum. Am. J. Bot. 76, 47-52. doi: 10.1002/j.1537-2197.1989.tb11283.x

Evans, L. T. (1975). The physiological basis of crop yield. 327-355. In: L. T. Evans,
Crop physiology. London, UK: Cambridge University Press.

Frantz, J. M., Cometti, N. N., and Bugbee, B. (2004). Night temperature has a
minimal effect on respiration and growth in rapidly growing plants. Ann. Botany. 94,
155-166. doi: 10.1093/aob/mch122

Gommers, C. M., Visser, E. J., St Onge, K. R., Voesenek, L. A., and Pierik, R. (2013).
Shade tolerance: when growing tall is not an option. Trends Plant Sci. 18, 65-71.
doi: 10.1016/j.tplants.2012.09.008

Halliday, K. J., and Whitelam, G. C. (2003). Changes in photoperiod or temperature
alter the functional relationships between phytochromes and reveal roles for phyD and
phyE. Plant Physiol. 131, 1913-1920. doi: 10.1104/pp.102.018135

Hoffmann, A. M., Noga, G., and Hunsche, M. (2016). Alternating high and low
intensity of blue light affects PSII photochemistry and raises the contents of carotenoids
and anthocyanins in pepper leaves. Plant Growth Regul. 79, 275-285. doi: 10.1007/
510725-015-0132-0

Hogewoning, S. W., Wientjes, E., Douwstra, P., Trouwborst, G., Van Ieperen, W.,
Croce, R,, et al. (2012). Photosynthetic quantum yield dynamics: from photosystems to
leaves. Plant Cell 24, 1921-1935. doi: 10.1105/tpc.112.097972

Jeong, S.J., Niu, G., and Zhen, S. (2024b). Far-red light and temperature interactively
regulate plant growth and morphology of lettuce and basil. Environ. Exp. Bot. 218,
105589. doi: 10.1016/j.envexpbot.2023.105589

Jeong, S. J., Zhang, Q., Niu, G., and Zhen, S. (2024a). Synergistic enhancement of
biomass allocation from leaves to stem by far-red light and warm temperature can lead to
growth reductions. Environ. Exp. Bot. 228, 106024. doi: 10.1016/j.envexpbot.2024.106024

Jeong, S.J., Zhang, Q., Niu, G., and Zhen, S. (2024c¢). The interactive effects between
far-red light and temperature on lettuce growth and morphology diminish at high light
intensity. Front. Plant Sci. 15, 1497672. doi: 10.3389/fpls.2024.1497672

Frontiers in Plant Science

10.3389/fpls.2025.1721040

Jeong, S.7J., Zhen, S., Zhang, Q., Khan, M. N. E. A, and Niu, G. (2025). Spectral effects
of green and blue light on lettuce morphology, growth, phytochemicals, and
antioxidant capacity are temperature-dependent. Environ. Exp. Bot. 237, 106214.
doi: 10.1016/j.envexpbot.2025.106214

Johkan, M., Shoji, K., Goto, F., Hashida, S. N., and Yoshihara, T. (2010). Blue light-
emitting diode light irradiation of seedlings improves seedling quality and growth after
transplanting in red leaf lettuce. HortScience 45, 1809-1814. doi: 10.21273/
HORTSCIL.45.12.1809

Jung, J. H., Domijan, M., Klose, C., Biswas, S., Ezer, D., Gao, M., et al. (2016).
Phytochromes function as thermosensors in Arabidopsis. Science 354, 886-889.
doi: 10.1126/science.aaf6005

Kaiser, E., Ouzounis, T., Giday, H., Schipper, R., Heuvelink, E., and Marcelis, L. F.
(2019). Adding blue to red supplemental light increases biomass and yield of
greenhouse-grown tomatoes, but only to an optimum. Front. Plant Sci. 9, 2002.
doi: 10.3389/fpls.2018.02002

Kanno, K., and Makino, A. (2010). Increased grain yield and biomass allocation in
rice under cool night temperature. Soil Sci. Plant Nutr. 56, 412-417. doi: 10.1111/
j.1747-0765.2010.00473.x

Klassen, S. P, Ritchie, G., Frantz, J. M., Pinnock, D., and Bugbee, B. (2004). Real-time
imaging of ground cover: Relationships with radiation capture, canopy photosynthesis,
and daily growth rate. Digital Imaging spectral techniques: Appl. to Precis. Agric. Crop
Physiol. 66, 1-14. doi: 10.2134/asaspecpub66.cl

Kong, Y., and Nemali, K. (2021). Blue and far-red light affect area and number of
individual leaves to influence vegetative growth and pigment synthesis in lettuce. Front.
Plant Sci. 12, 667407. doi: 10.3389/fpls.2021.667407

Kusuma, P., and Bugbee, B. (2023). On the contrasting morphological response to
far-red at high and low photon fluxes. Front. Plant Sci. 14, 1185622. doi: 10.3389/
1pls.2023.1185622

Legendre, R, and van Iersel, M. W. (2021). Supplemental far-red light stimulates
lettuce growth: Disentangling morphological and physiological effects. Plants 10, 166.
doi: 10.3390/plants10010166

Legris, M., Klose, C., Burgie, E. S., Rojas, C. C. R., Neme, M., Hiltbrunner, A., et al.
(2016). Phytochrome B integrates light and temperature signals in Arabidopsis. Science
354, 897-900. doi: 10.1126/science.aaf5656

Li, Q., and Kubota, C. (2009). Effects of supplemental light quality on growth and
phytochemicals of baby leaf lettuce. Environ. Exp. Bot. 67, 59-64. doi: 10.1016/
j.envexpbot.2009.06.011

Ma, D, Li, X,, Guo, Y., Chu, J,, Fang, S., Yan, C, et al. (2016). Cryptochrome 1
interacts with PIF4 to regulate high temperature-mediated hypocotyl elongation in
response to blue light. Proc. Natl. Acad. Sci. 113, 224-229. doi: 10.1073/
pnas.1511437113

Martinez-Garcia, J. F., and Rodriguez-Concepcion, M. (2023). Molecular
mechanisms of shade tolerance in plants. New Phytol. 239, 1190-1202. doi: 10.1111/
nph.19047

Matsuda, R., Ozawa, N., and Fujiwara, K. (2012). “Effects of continuous lighting with
or without a diurnal temperature difference on photosynthetic characteristics of tomato
leaves,” in VII international symposium on light in horticultural systems 956, 165.
doi: 10.17660/ActaHortic.2012.956.16

Matsuda, R., Ozawa, N., and Fujiwara, K. (2014). Leaf photosynthesis, plant growth,
and carbohydrate accumulation of tomato under different photoperiods and diurnal
temperature differences. Scientia Hortic. 170, 150-158. doi: 10.1016/
j.scienta.2014.03.014

Maxwell, K., and Johnson, G. N. (2000). Chlorophyll fluorescence—a practical guide.
J. Exp. Bot. 51, 659-668. doi: 10.1093/jexbot/51.345.659

Meng, Q., Kelly, N, and RunkKle, E. S. (2019). Substituting green or far-red radiation
for blue radiation induces shade avoidance and promotes growth in lettuce and kale.
Environ. Exp. Bot. 162, 383-391. doi: 10.1016/j.envexpbot.2019.03.016

Meng, Q., and Runkle, E. S. (2019). Far-red radiation interacts with relative and
absolute blue and red photon flux densities to regulate growth, morphology, and
pigmentation of lettuce and basil seedlings. Scientia Hortic. 255, 269-280. doi: 10.1016/
j.scienta.2019.05.030

Molina-Contreras, M. ., Paulisic, S., Then, C., Moreno-Romero, J., Pastor-Andreu,
P., Morelli, L., et al. (2019). Photoreceptor activity contributes to contrasting responses
to shade in Cardamine and Arabidopsis seedlings. Plant Cell 31, 2649-2663.
doi: 10.1105/tpc.19.00275

Ohtaka, K., Yoshida, A., Kakei, Y., Fukui, K., Kojima, M., Takebayashi, Y., et al.
(2020). Difference between day and night temperatures affects stem elongation in
tomato (Solanum lycopersicum) seedlings via regulation of gibberellin and auxin
synthesis. Front. Plant Sci. 11, 577235. doi: 10.3389/fpls.2020.577235

Pandey, S., Carrer, M., Castagneri, D., and Petit, G. (2018). Xylem anatomical
responses to climate variability in Himalayan birch trees at one of the world’s highest
forest limit. Perspect. Plant Ecology Evol. Systematics 33, 34-41. doi: 10.1016/
j.ppees.2018.05.004

frontiersin.org


https://doi.org/10.1016/j.jplph.2018.03.016
https://doi.org/10.1002/jsfa.11513
https://doi.org/10.1016/S0308-8146(00)00324-1
https://doi.org/10.1016/S0308-8146(00)00324-1
https://doi.org/10.1146/annurev.arplant.59.032607.092759
https://doi.org/10.1111/pce.12914
https://doi.org/10.1038/s41467-022-32585-6
https://doi.org/10.1146/annurev-arplant-050718-095919
https://doi.org/10.1073/pnas.87.19.7502
https://doi.org/10.1016/j.envexpbot.2015.05.010
https://doi.org/10.1146/annurev-arplant-043015-112252
https://doi.org/10.3390/agronomy9080434
https://doi.org/10.1104/pp.35.4.477
https://doi.org/10.21273/HORTSCI.30.5.940
https://doi.org/10.1002/j.1537-2197.1989.tb11283.x
https://doi.org/10.1093/aob/mch122
https://doi.org/10.1016/j.tplants.2012.09.008
https://doi.org/10.1104/pp.102.018135
https://doi.org/10.1007/s10725-015-0132-0
https://doi.org/10.1007/s10725-015-0132-0
https://doi.org/10.1105/tpc.112.097972
https://doi.org/10.1016/j.envexpbot.2023.105589
https://doi.org/10.1016/j.envexpbot.2024.106024
https://doi.org/10.3389/fpls.2024.1497672
https://doi.org/10.1016/j.envexpbot.2025.106214
https://doi.org/10.21273/HORTSCI.45.12.1809
https://doi.org/10.21273/HORTSCI.45.12.1809
https://doi.org/10.1126/science.aaf6005
https://doi.org/10.3389/fpls.2018.02002
https://doi.org/10.1111/j.1747-0765.2010.00473.x
https://doi.org/10.1111/j.1747-0765.2010.00473.x
https://doi.org/10.2134/asaspecpub66.c1
https://doi.org/10.3389/fpls.2021.667407
https://doi.org/10.3389/fpls.2023.1185622
https://doi.org/10.3389/fpls.2023.1185622
https://doi.org/10.3390/plants10010166
https://doi.org/10.1126/science.aaf5656
https://doi.org/10.1016/j.envexpbot.2009.06.011
https://doi.org/10.1016/j.envexpbot.2009.06.011
https://doi.org/10.1073/pnas.1511437113
https://doi.org/10.1073/pnas.1511437113
https://doi.org/10.1111/nph.19047
https://doi.org/10.1111/nph.19047
https://doi.org/10.17660/ActaHortic.2012.956.16
https://doi.org/10.1016/j.scienta.2014.03.014
https://doi.org/10.1016/j.scienta.2014.03.014
https://doi.org/10.1093/jexbot/51.345.659
https://doi.org/10.1016/j.envexpbot.2019.03.016
https://doi.org/10.1016/j.scienta.2019.05.030
https://doi.org/10.1016/j.scienta.2019.05.030
https://doi.org/10.1105/tpc.19.00275
https://doi.org/10.3389/fpls.2020.577235
https://doi.org/10.1016/j.ppees.2018.05.004
https://doi.org/10.1016/j.ppees.2018.05.004
https://doi.org/10.3389/fpls.2025.1721040
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ali et al.

Pant, P,, Pandey, S., and Dall'Acqua, S. (2021). The influence of environmental
conditions on secondary metabolites in medicinal plants: A literature review. Chem.
Biodiversity 18, €2100345.

Park, Y., and Runkle, E. S. (2017). Far-red radiation promotes growth of seedlings by
increasing leaf expansion and whole-plant net assimilation. Environ. Exp. Bot. 136, 41—
49. doi: 10.1016/j.envexpbot.2016.12.013

Park, Y., and Runkle, E. S. (2019). Blue radiation attenuates the effects of the red to
far-red ratio on extension growth but not on flowering. Environ. Exp. Bot. 168, 103871.
doi: 10.1016/j.envexpbot.2019.103871

Patil, G. G., and Moe, R. (2009). Involvement of phytochrome B in DIF mediated
growth in cucumber. Scientia Hortic. 122, 164-170. doi: 10.1016/j.scienta.2009.05.014

Procopio, M., Link, J., Engle, D., Witczak, J., Ritz, T., and Ahmad, M. (2016). Kinetic
modeling of the Arabidopsis cryptochrome photocycle: FADHo accumulation
correlates with biological activity. Front. Plant Sci. 7, 888. doi: 10.3389/fpls.2016.00888

Romero-Montepaone, S., Sellaro, R., Esteban Hernando, C., Costigliolo-Rojas, C.,
Bianchimano, L., Ploschuk, E. L., et al. (2021). Functional convergence of growth
responses to shade and warmth in Arabidopsis. New Phytol. 231, 1890-1905.
doi: 10.1111/nph.17430

Sager, J. C., Smith, W. O., Edwards, J. L., and Cyr, K. L. (1988). Photosynthetic
efficiency and phytochrome photoequilibria determination using spectral data. Trans.
ASAE 31, 1882-1889. doi: 10.13031/2013.30952

Salam, U., Ullah, S., Tang, Z. H., Elateeq, A. A, Khan, Y., Khan, J., et al. (2023). Plant
metabolomics: an overview of the role of primary and secondary metabolites against
different environmental stress factors. Life 13, 706. doi: 10.3390/1ife13030706

Samuoliene, G., Virsile, A., Brazaitytée, A., Jankauskiené, J., Sakalauskiene, S.,
Vastakaite, V., et al. (2017). Blue light dosage affects carotenoids and tocopherols in
microgreens. Food Chem. 228, 50-56. doi: 10.1016/j.foodchem.2017.01.144

Savvides, A., Fanourakis, D., and van Ieperen, W. (2012). Co-ordination of hydraulic
and stomatal conductances across light qualities in cucumber leaves. J. Exp. Bot. 63,
1135-1143. doi: 10.1093/jxb/err348

Sellaro, R., Pacin, M., and Casal, J. J. (2017). Meta-analysis of the transcriptome
reveals a core set of shade-avoidance genes in Arabidopsis. Photochem. Photobiol. 93,
692-702. doi: 10.1111/php.12729

Shamloo, M., Babawale, E. A., Furtado, A., Henry, R. J., Eck, P. K,, and Jones, P. J.
(2017). Effects of genotype and temperature on accumulation of plant secondary
metabolites in Canadian and Australian wheat grown under controlled environments.
Sci. Rep. 7, 9133. doi: 10.1038/s41598-017-09681-5

Shin, J., Bugbee, B., and Runkle, E. (2025). Contrasting interactions between photon
spectra and temperature in cold-sensitive basil and cold-tolerant lettuce. Front. Plant
Sci. 16, 1675087. doi: 10.3389/fpls.2025.1675087

Shin, J.,, and Runkle, E. S. (2025). 'Plant morphology and a phytochrome B model
reveal that the effects of far-red light on shade-avoidance-like responses persist under
high light intensity'. Plant Cell Environ. 48, 5802-5818. doi: 10.1111/pce.15562

Stutte, G. W., Edney, S., and Skerritt, T. (2009). Photoregulation of bioprotectant
content of red leaf lettuce with light-emitting diodes. HortScience 44, 79-82.
doi: 10.21273/HORTSCI.44.1.79

Frontiers in Plant Science

15

10.3389/fpls.2025.1721040

Thingnaes, E., Torre, S., and Moe, R. (2008). The role of phytochrome B, D and E in
thermoperiodic responses of Arabidopsis thaliana. Plant Growth Regul. 56, 53-59.
doi: 10.1007/s10725-008-9283-6

Toledo-Ortiz, G., Hugq, E., and Rodriguez-Concepcion, M. (2010). Direct regulation
of phytoene synthase gene expression and carotenoid biosynthesis by phytochrome-
interacting factors. Proc. Natl. Acad. Sci. 107, 11626-11631. doi: 10.1073/
pnas.0914428107

Vagen, I. M., Moe, R., and Ronglan, E. (2003). Diurnal temperature alternations
(DIF/drop) affect chlorophyll content and chlorophyll a/chlorophyll b ratio in Melissa
officinalis L. and Ocimum basilicum L., but not in Violax wittrockiana Gams. Scientia
Hortic. 97, 153-162. doi: 10.1016/S0304-4238(02)00141-3

Valladares, F., and Niinemets, U. (2008). Shade tolerance, a key plant feature of
complex nature and consequences. Annu. Rev. Ecology Evolution Systematics 39, 237-
257. doi: 10.1146/annurev.ecolsys.39.110707.173506

Van Iersel, M. W. (2003). Carbon use efficiency depends on growth respiration,
maintenance respiration, and relative growth rate. A case study with lettuce. Plant Cell
Environ. 26, 1441-1449. doi: 10.1046/j.0016-8025.2003.01067.x

Wang, Y., Burgess, S. J., de Becker, E. M., and Long, S. P. (2020). Photosynthesis in
the fleeting shadows: an overlooked opportunity for increasing crop productivity? Plant
J. 101, 874-884. doi: 10.1111/tpj.14663

Wang, Q., and Lin, C. (2020). Mechanisms of cryptochrome-mediated
photoresponses in plants. Annu. Rev. Plant Biol. 71, 103-129. doi: 10.1146/annurev-
arplant-050718-100300

Wellburn, A. R. (1994). The spectral determination of chlorophylls a and b, as well as
total carotenoids, using various solvents with spectrophotometers of different
resolution. J. Plant Physiol. 144, 307-313. doi: 10.1016/S0176-1617(11)81192-2

Yuan, X. K. (2016). Effect of day/night temperature difference on chlorophyll
content, photosynthesis and fluorescence parameters of tomato at fruit stage.
Photosynthetica 54, 475-477. doi: 10.1007/s11099-016-0202-1

Zhang, S., Zhang, L., Zou, H., Qiu, L., Zheng, Y., Yang, D, et al. (2021). Effects of light
on secondary metabolite biosynthesis in medicinal plants. Front. Plant Sci. 12, 781236.
doi: 10.3389/fpls.2021.781236

Zhen, S., and Bugbee, B. (2020a). Substituting far-red for traditionally defined
photosynthetic photons results in equal canopy quantum yield for CO, fixation and
increased photon capture during long-term studies: Implications for re-defining PAR.
Front. Plant Sci. 11, 581156. doi: 10.3389/fpls.2020.581156

Zhen, S., and Bugbee, B. (2020b). Far-red photons have equivalent efficiency to
traditional photosynthetic photons: Implications for redefining photosynthetically
active radiation. Plant Cell Environ. 43, 1259-1272. doi: 10.1111/pce.13730

Zhen, S., and van Iersel, M. W. (2017). Far-red light is needed for efficient
photochemistry and photosynthesis. J. Plant Physiol. 209, 115-122. doi: 10.1016/
jjplph.2016.12.004

Zou, J., Zhang, Y., Zhang, Y., Bian, Z,, Fanourakis, D., Yang, Q., et al. (2019).
Morphological and physiological properties of indoor cultivated lettuce in response
to additional far-red light. Scientia Hortic. 257, 108725. doi: 10.1016/j.scienta.2019.
108725

frontiersin.org


https://doi.org/10.1016/j.envexpbot.2016.12.013
https://doi.org/10.1016/j.envexpbot.2019.103871
https://doi.org/10.1016/j.scienta.2009.05.014
https://doi.org/10.3389/fpls.2016.00888
https://doi.org/10.1111/nph.17430
https://doi.org/10.13031/2013.30952
https://doi.org/10.3390/life13030706
https://doi.org/10.1016/j.foodchem.2017.01.144
https://doi.org/10.1093/jxb/err348
https://doi.org/10.1111/php.12729
https://doi.org/10.1038/s41598-017-09681-5
https://doi.org/10.3389/fpls.2025.1675087
https://doi.org/10.1111/pce.15562
https://doi.org/10.21273/HORTSCI.44.1.79
https://doi.org/10.1007/s10725-008-9283-6
https://doi.org/10.1073/pnas.0914428107
https://doi.org/10.1073/pnas.0914428107
https://doi.org/10.1016/S0304-4238(02)00141-3
https://doi.org/10.1146/annurev.ecolsys.39.110707.173506
https://doi.org/10.1046/j.0016-8025.2003.01067.x
https://doi.org/10.1111/tpj.14663
https://doi.org/10.1146/annurev-arplant-050718-100300
https://doi.org/10.1146/annurev-arplant-050718-100300
https://doi.org/10.1016/S0176-1617(11)81192-2
https://doi.org/10.1007/s11099-016-0202-1
https://doi.org/10.3389/fpls.2021.781236
https://doi.org/10.3389/fpls.2020.581156
https://doi.org/10.1111/pce.13730
https://doi.org/10.1016/j.jplph.2016.12.004
https://doi.org/10.1016/j.jplph.2016.12.004
https://doi.org/10.1016/j.scienta.2019.108725
https://doi.org/10.1016/j.scienta.2019.108725
https://doi.org/10.3389/fpls.2025.1721040
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Blue light modulates the interactive effects of far-red light and day–night temperature difference on the growth, morphology and physiology of arugula and lettuce
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Temperature and light treatments
	2.3 Data collection
	2.3.1 Plant morphology and growth parameters
	2.3.2 Photosynthetic measurement
	2.3.3 Pigments, secondary metabolites, and antioxidant capacity measurement

	2.4 Statistical analysis

	3 Results
	3.1 Plant morphology
	3.2 Plant biomass
	3.3 Photosynthesis at single leaf level
	3.4 Pigments, secondary metabolites, and antioxidant capacity

	4 Discussion
	4.1 FR light and +DIF synergistically promoted stem elongation under low blue light but enhanced leaf expansion under high blue light
	4.2 Blue light intensity is critical to maintain the beneficial effect of FR light and +DIF on leaf expansion and crop yield
	4.3 Morphological and physiological acclimation to FR light and DIF altered leaf photosynthetic activity
	4.4 +DIF enhanced secondary metabolite accumulation and antioxidant capacity, while FR light tended to reduce these parameters, with both effects independent of blue light intensity

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


