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Editorial on the Research Topic

Physiological growth responses to light in controlled environment agriculture
Light is crucial for photosynthesis, carbon assimilation, biomass production, and plant

yield. It also influences physiological and biochemical processes. The lighting environment

is vital in controlled environment agriculture (CEA) to enhance growth and quality.

Advancements in lighting technologies and the CEA industry have accelerated lighting

research in plant science (Pattison et al., 2018). The Research Topic was oriented towards

compiling research related to the impact of the light environment in CEA with respect to

physiological, biochemical, and genetic responses of plants. The Research Topic garnered

10 original research papers authored by 38 researchers from around the globe, including

experts from Australia, Canada, China, Croatia, Hungary, South Korea, the Netherlands,

and the United States of America.

In high latitude countries, supplemental light is required during winter months to

achieve the optimum daily light integral. We have reached point where fundamental plant

science research can be translated to elicit specific morphological and physiological

responses during production all while maximizing energy-use-efficiency and minimizing

greenhouse gas emissions. This will help the CEA industry ensure sustainable year-round

production of fresh fruits and vegetables to meet consumer demand.

A study by Lanoue et al. demonstrated that pepper plants can be grown under

continuous lighting without the leaf injury associated with a 24-h photoperiod. In

addition, it turned out that a dynamic lighting strategy was necessary for injury-free

production under 24-h lighting. Applying blue and/or far-red light at night decreased

phytochrome photostationary state, which increased internode length and caused a shade

avoidance response; applying far-red at night elicited a significantly stronger response than

applying it during the day. In this study, a treatment that provided white light during the

day followed by both blue and far red during the night, is potentially the best continuous

lighting for pepper production. This study shows the using a low intensity, long

photoperiod ultimately culminates in reduced capital fixture and electricity costs.
frontiersin.org014
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In another study, Lanoue et al. found that increased carbohydrate

content and ROS-scavenging capability, as well as decreased

photosynthetic pigment content, may be an adverse response to

continuous lighting treatment. However, pepper plants did not

show any impact on yield, nor did they show a stress response

using the current gold standard stress metric, dark-adapted

chlorophyll fluorescence measuring quantum yield of photosystem

II (Fv/Fm). Interestingly, light-adapted chlorophyll fluorescence

measurements assessing quantum efficiency of photosystem II

(FPSII) and electron transport rate (ETR) decreased under

increasing nighttime light intensity. Due to the discrepancy between

dark-adapted and light-adapted measurements, the researchers

suggest that light-adapted measurements may be more suitable for

identifying stress response in continuous light tolerant crops.

The 16-h and 24-h constant (no change in light intensity and

spectrum) and two 24-h dynamic (involving changes in spectra and

intensity at different timings of the day) lighting strategies were

presented by Marie et al. In the study, the morphological response

of tomato, photoperiodic injury–sensitive species, and mini-

cucumber, a photoperiodic injury-tolerant species was

investigated. Moreover, the hypothesis of photorespiration’s

involvement in photoperiodic injury was tested. Different

dynamic strategies induced different canopy responses, opening

the potential to adjust canopy architecture through counterbalances

in the peak spectrum (blue) and night spectrum (far-red). Both

tomato and cucumber responded well to the dynamic 16-h “day”, 3-

h “peak”, 8-h “night” spectra by avoiding the typical compact

morphology induced by extended photoperiods. A central

discovery was that this strategy had a significantly higher level of

photorespiration than control. Unexpectedly, photorespiration was

comparable between tomato and cucumber under the same

treatments, except under constant 24-h treatment. According to

preliminary data, a fully tolerant tomato genotype grown under

constant treatment upregulated photorespiration like mini

cucumber. These results suggest that photoperiodic injury

tolerance involves a sustained higher level of photorespiration

under extended photoperiods.

Darko et al. investigated how the two light intensities (300 and

500 mmol m–2 s–1) were applied in different spectral compositions -

broad white LED spectrum with and without FR application and

with blue LED supplement was compared to blue and red LED

lightings in different (80/20 and 95/5) blue/red ratios - affect the

growth, flowering, and yield of chili and the production of

secondary metabolites. High light intensity increased harvest

index (fruit yield vs. vegetative biomass production) and reduced

flowering time. Phenolic content and radical scavenging activity was

stimulated by blue light, while capsaicin accumulation was

suppressed. The red color of the fruit, which is determined by

content of carotenoids, was inversely related to the absolute amount

of blue, green, and far-red light. These findings demonstrated that

the accumulation of secondary metabolites may be altered by

adjusting light fluence and spectral composition, but different

spectral combinations are necessary to trigger the accumulation
Frontiers in Plant Science 025
of various phytochemicals. It was concluded that a single spectral

combination is insufficient for the optimal growth of chili and the

accumulation of all metabolites, and an adjustable light

environment can ensure such conditions in CEA.

The study by Naveed et al. aimed to evaluate and comprehend

the impacts of diminished light intensity and quality on plant

morphology and root growth. In addition, they strived to identify

resistant sources from the population generated from two-drought

tolerant commercial chickpea lines (Sonali as a female and PBA

Slasher as a male parent). Low light conditions, created by covering

one of the two benches inside two growth chambers with a

mosquito net, reduced natural light availability by approximately

70%. The chickpea genotypes exhibited significant responses to

these conditions, mostly altering their morphology by allocating

more photosynthates to shoot growth at the expense of root growth.

Shading resulted in taller plants with longer and more internodes,

but with lower root, shoot, and total plant biomass, presumably as

an adaptation strategy, akin to the shade avoidance syndrome

concept. The findings help better understand the biomass

partitioning patterns in crops exposed to low light conditions.

Another study on low-light-stress in plants was done by Cao

et al. when the growth characteristics of cucumber seedlings under

various LED (light emitting diode) light treatments were evaluated.

Low-light-stress tolerant and sensitive cucumber lines were used as

plant materials for gene expression analysis. Light intensity below

40 mmol m-2 s-1 can quickly induce low-light-stress response. A

total of 11 photoreceptor genes were identified and evaluated.

Among them, cryptochrome 1 had the highest expression level

and was only induced in the low-light sensitive cucumber.

Therefore, it was proposed that cryptochrome 1 plays a pivotal

role in regulation low-light response in plants

Medical cannabis cultivation has expanded under controlled

environments. Increasing inflorescence weight and specialized

metabolite concentrations is crucial for product consistency. The

interaction between spectrum and intensity on inflorescence weight

and secondary metabolites is attracting attention. The findings by

Holweg et al. showed that white light with dual red peaks at 640 and

660 nm increased inflorescence yield and light-use-efficiency (LUE)

in medical cannabis plants, regardless of intensities. This was

primarily due to increased total plant dry matter production and

a more open plant architecture. No light spectrum or intensity

effects on cannabinoid concentrations were observed. However, at

higher intensity, white light with dual red peaks increased terpenoid

concentrations. At low intensity, photosynthetic parameters like

maximum photosynthetic rate and quantum yield increased, while

spectrum had no effect at higher intensity. The addition of 640 nm

and 660 nm shows potential for improving LUE and plant dry

matter production.

Enhancing supplemental lighting increased photosynthesis and

had a significant impact on the water usage dynamics in cannabis

leaves and crops. The findings of Collado et al. highlight the

potential of lighting management to enhance water-use-efficiency

(WUE), with significant implications for both research and
frontiersin.org
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practical applications in agriculture. Light supplementation strongly

enhanced photosynthesis and plant growth while increasing WUE.

It was found that a linear growth response within the range of ~18

to 52 mol m-2 d-1. Additionally, it was found that 52 mol m-2 d-1 did

not saturate the crop response to light, leaving further research to be

done to identify the maximum daily light integral for cannabis

cutting production.

In controlled environment agriculture, tailored light treatments

using LEDs are crucial for enhancing crop quality and yield. In the

study by Van Brenk et al., lettuce was grown under three different

blue and red light ratios with and without far-red light. As the

control treatments, white light with and without far-red light was

used. Decreasing the red:blue ratio decreased fresh weight and

carbohydrate concentration, whereas contents of pigments,

phenolic compounds, and various minerals increased. In contrast,

adding far-red light to different R:B ratios, and increase in plant

fresh weight, dry weight, total soluble sugars, and starch was

observed. Additionally, far-red light decreased concentrations of

anthocyanins, phenolic compounds, and various minerals.

Consequently, the distinct advantages of enhanced blue light

proportion and additional far-red radiation can be integrated and

utilized synergistically to cultivate crops of desired quality.

High planting densities result in increased light interception

and harvestable yield per area, but at the sacrifice of product quality.

The study of Karpe et al. aimed to maintain high light interception

without negative impacts on tomato fruit quality. Dwarf tomato was

grown at four densities: two constant densities (high and low) and

two dynamic spacing treatments (maintaining 90% and 75%

ground coverage by decreasing planting density in 3–4 steps). The

study found that high ground coverage and light interception are

crucial for maximizing yield per area and LUE. Plants grown at the

constant high planting density utilized light most efficiently for fruit

yield formation, but reduced fruit quality. Conversely, low planting

density resulted in the lowest light interception and yield per

cultivation area. Dynamic spacing, which involves growing plants

at high planting density but spacing them apart to maintain

constant ground coverages, resulted in the same fruit quality but

doubled yield, thus mitigating density-induced trade-offs.

Controlled environment agriculture is a fast growing

technology revolutionizing plant production. With its potential to
Frontiers in Plant Science 036
enhance food security in harsh climates and provide consumers

with fresh produce year-round, CEA offers significant promise. To

unlock this potential, understanding the role of light is paramount.

Lighting technologies are continuing to advance, expanding the

possibilities for growers and researchers, enabling more diverse

applications. However, in order to fully optimize growth, it is

important to have continued research related to the interactions

of light with other environmental parameters. Additionally, multi-

disciplinary science studying the impact of light on pest and disease

will allow for a comprehensive approach for producers. The

manuscripts contained within the Research Topic serve as a

foundation for these integrative advancements.
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and Gábor Galiba1,3
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Chili is widely used as a food additive and a flavouring and colouring agent and
also has great importance in health preservation and therapy due to the abundant
presence of many bioactive compounds, such as polyphenols, flavonoids, carotenoids,
and capsaicinoids. Most of these secondary metabolites are strong antioxidants. In the
present study, the effect of light intensity and spectral composition was studied on
the growth, flowering, and yield of chilli together with the accumulation of secondary
metabolites in the fruit. Two light intensities (300 and 500 µmol m−2 s−1) were applied
in different spectral compositions. A broad white LED spectrum with and without
FR application and with blue LED supplement was compared to blue and red LED
lightings in different (80/20 and 95/5%) blue/red ratios. High light intensity increased the
harvest index (fruit yield vs. biomass production) and reduced the flowering time of the
plants. The amount of secondary metabolites in the fruit varied both by light intensity
and spectral compositions; phenolic content and the radical scavenging activity were
stimulated, whereas capsaicin accumulation was suppressed by blue light. The red
colour of the fruit (provided by carotenoids) was inversely correlated with the absolute
amount of blue, green, and far-red light. Based on the results, a schematic model was
created, representing light-dependent metabolic changes in chilli. The results indicated
that the accumulation of secondary metabolites could be modified by the adjustment of
light intensity and spectral composition; however, different types of metabolites required
different light environments.

Keywords: capsaicine, flavonoids, LED lighting, secondary metabolites, chilli

INTRODUCTION

Chilli is widely used as a food additive, a flavouring and colouring agent, and as a part of
traditional medicine; it is used to treat, for instance, coughs, sore throat, rheumatism, and
gastrointestinal ailments. It has great importance in preventing chronic diseases, such as diabetes
and high cholesterol levels, cardiovascular or neurodegenerative diseases, and it provides protection
against different types of cancer (Wahyuni et al., 2013). The beneficial therapeutic effects of
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the chilli fruit are mainly associated with the abundant presence
of phytochemicals, such as carotenoids, flavonoids, polyphenols,
and capsaicinoids. Most of these are strong antioxidants
with anti-inflammatory, anticancer, and antimicrobial effects
(Sarker et al., 2018c). They can act as immunomodulators
(Jimenez-Garcia et al., 2013). While they can directly scavenge
various free radicals, carotenoids give the attractive colours of
the fruit, and flavonoids (such as quercetin and kaempferols)
protect the low-density lipoprotein cholesterols from oxidation.
They stimulate the enzymes involved in the detoxification
of cancerogenic substrates and inhibit inflammations
(Jimenez-Garcia et al., 2013).

Capsaicinoids, including trans-capsaicin (t-C),
dihydrocapsaicin (DHC), nordihydrocapsaicin (n-DHC),
homocapsaicin (h-C), and homodihydrocapsaicin (h-DHC) are
responsible for the hotness (the pungency level) of the chilli and
affect the cardiovascular and respiratory systems (Wahyuni et al.,
2013). The pungency of capsaicinoidsis is usually expressed in
Scoville heat units (SHU), indicating the highest dilution of a
chilli fruit extract at which heat can be detected (Scoville, 1912).
Nowadays, SHU is mainly determined by chromatographic
methods, which are considered to be more reliable and accurate
(Nwokem et al., 2010).

In chilli fruit, the amount of the main secondary metabolites
shows enormous variations between the different cultivars, and
it strongly depends on the maturity stage of the plants and
the environmental conditions where the plants grow (Wahyuni
et al., 2011; Hernández-Pérez et al., 2020). As summarised
by Antonio et al. (2018), the capsaicinoid content of chilli
varies from 28 to 200,000 µg of g dry fruit, providing
100–2,000,000 SHU, which enables chilli to be used for
various purposes. For instance, moderate or low capsaicin
content found in a cherry bomb type chilli is preferable for
medical purposes due to low alkaloid toxicity (Acunha et al.,
2017). The carotenoid, flavonoid, and polyphenol contents of
the chilli fruit also show great variability (Wahyuni et al.,
2011; Lemos et al., 2019). However, the high diversity in
the metabolic profile made it a difficult task to understand
the biochemical behaviour of plants grown under different
environmental conditions.

Light is one of the most important environmental factors
that determine the growth and development of plants. Through
photosynthesis and different kinds of photoreceptors, light
intensity and spectral composition affect biomass and yield
formation through the modification of the primary and
secondary metabolic pathways. The application of LED (light-
emitting diode) technology in plant cultivation has accelerated
the research on the effect of light fluence and wavelength on
plant metabolism.

The influence of LEDs on growth and yield production
has been widely investigated in many vegetable crops as
summarised in several papers (Olle and Viršile, 2013; Darko
et al., 2014; Loi et al., 2021). These studies have revealed
that different light environments (including light intensity and
spectral composition) are optimal for different kinds of crops,
and that the use of a continuous wide spectrum composed of
white, red, and blue LEDs is more suitable for plant cultivation

than red and blue LEDs only (i.e., the lack of the green region)
(Song et al., 2017; Liu et al., 2019; Naznin et al., 2019).

However, comparing the ample amount of data obtained
from different species grown under different environmental
conditions is difficult. The main light factors determining a
given morphological or physiological parameter have not been
identified in many species. Is it the absolute amount or the
relative ratio of different light wavelengths that counts? Even
less information is available about how the different kinds of
LEDs affect the individual metabolic pathways—this is especially
true for the production of secondary metabolites—in spite of
the fact that LEDs provide unique possibilities for the targeted
manipulation of plant metabolism (Darko et al., 2014). Only a
few papers discuss the metabolic changes in chilli grown under
LEDs. An early research studied the leaf and stem anatomy of
Hungarian wax chilli (Schuerger et al., 1997). Later, changes in
the primary (sugar, starch, and proteins) and secondary (fruit
colour and the pungency level of capsaicinoids) metabolites were
compared in chilli grown under monochromatic red or blue
LEDs and under a 1:1 mixture of red and blue LEDs (Gangadhar
et al., 2012). The highest biomass and yield were found under
combined blue and red LEDs, and were accompanied by
intense fruit colour. However, pure blue LEDs stimulated the
accumulation of capsaicinoids. Recently, detailed metabolomic
analysis focusing on capsaicinoids has been carried out on the
fruit of a super-hot chilli grown in a greenhouse (under sunlight)
supplemented with monochromatic red, blue, and red + blue
(1:1) lightings for 5 h (Yap et al., 2021). Although the yield
was the highest under sunlight (control), the additional blue
LEDs significantly increased the accumulation of capsaicinoids,
including C, DHC, n-DHC, h-C, and h-DHC (Yap et al., 2021).
These results indicate that applying LED technology in the
growth of chilli plants can be utilised for modifying the quality
of the product, especially the secondary metabolite contents.

The aim of this research was to study the growth, yield, and
the accumulation of several secondary metabolites (carotenoids,
capsaicinoids, and phenolic compounds) and the antioxidant
capacity of the fruit of chilli grown under pure artificial (LED)
lighting conditions. The effects of blue and red LEDs were
compared to different broad white spectrums with and without
far-red application and with an increased blue region. Correlation
analyses were performed to reveal the light factors affecting the
production of these secondary metabolites.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
A cherry bomb type Hungarian chilli (Capsicum annuum cv.
Kalocsai) was used in the experiments. The treatments were
arranged following a completely randomised block design and
repeated 3 times. Before reaching the eight-leaf stage, the
plants were grown in 10-cm- × –10-cm- × –6.5-cm jiffy
pots (Jiffy Group, Oslo, Norway) placed in streamline half-
strength Hoagland solution under the same conditions; the
temperature was between 22 and 25◦C, and the light intensity
was 250 ± 12 µmol m−2 s−1, provided by fluorescent lamps
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for 12 h per day. Afterward, the plants were transplanted
into 5-L plastic pots (1 plant/pot) filled with a 2:1:1 (v/v/v/)
mixture of garden soil, humus, and sand. About 72 pots were
randomised into 6 groups, and the plants were grown under 6
different light regimens (designated regimen A-F) for 87 days (till
maturity) at 16/8 h photoperiod, 22/25◦C day/night temperature,
and 70% humidity in growth chambers (PGV-36, ConvironEnv
LTD, Winnipeg, MB, Canada). The light was provided by LED
modules. Each LED module is composed of wide-spectrum
LEDs and 4 types of narrow-bandwidth LEDs with dominant
wavelengths of 420 and 448 nm (“blue LED”), 665 nm (“red
LED”), and 750 nm (“far-red LED”), respectively. All of them
could be controlled independently. In the present study, different
LED-based light combinations (regimens) were tested; as basic
spectrums, only the red and blue LEDs were used at moderate
(300 µmol m−2 s−1) light intensity in two different red/blue
proportions: 95/5% (regimen A) and 80/20% (regimen B). Since
sunlight has a wide spectrum, another spectrum was designed,
containing white, red, and blue LEDs in a proportion of
65:20:15 of blue:green:red regions, giving a total light intensity
of 300 µmol m−2 s−1 (regimen C). Furthermore, to simulate
sunrise and sunset (Kotilainen et al., 2020), the latter spectrum
was also supplemented with 5% far-red light in the first and last
hours of the light periods (Regimen D). To study whether the
absolute or the relative amount of different spectral regions is
important, this latter spectral combination was also used at a
higher (500 µmol m−2 s−1) light intensity (Regimen E). Finally,
the light regimen E was modified by increasing the proportion
of the blue region by 5% in the middle of the light cycle for
4 h (Regimen F). The light spectrums and the programmes are
presented in Supplementary Figure 1. In addition, the light
intensities and the spectral characteristics of the light were
integrated daily (DLI), as summarised in Table 1. This type of
calculation was used for correlation analysis. During the growth
period, the plants were rearranged regularly within the light
regimens and watered every day. A nutrient solution containing

41 mg/L N; 7 mg/L P2O5; 21 mg/L K2O; 4 mg/L Mg; 5 mg/L Ca;
and 1 mg/L B, Cu, Mn, Fe, and Zn was applied two times a week
to ensure adequate water and nutrient supply.

Morphological Parameters
At harvest (87 days after the start of the light treatments),
several morphological parameters were determined, such as the
aboveground plant height and mass (with and without yield)
and the amount and weight of the fruit. In the present study,
the aboveground plant mass without yield is designated as green
mass, which includes the weight of the shoot and leaves. The
number of flowers was counted during the flowering period
(16–46 days after the light treatments). Harvest index (HI) was
calculated as the ratio of the fruit yield and total aboveground
biomass production of each plant. The morphological parameters
were determined from 10 plants per light treatment.

Metabolomics Analysis
For the metabolomics analyses, the ripe fruit was collected
from each plant. The fruit was frozen in liquid nitrogen and
kept at −80◦C until preparation. Five samples were prepared
per light regimen. Each sample consisted of 10 pieces of fruit
collected from two plants (5 pieces of fruit per plant). During
the extraction, the samples were homogenised using a blender as
required for the analytical methods.

The total carotenoid content was determined from fruit
pericarps according to the protocol described by Acunha et al.
(2017). For each sample, 0.5-g fruit extract was homogenised with
10-ml solvent composed of hexane/methanol/acetone/toluene at
10:6:7:7 for 1 h in the dark. Next, carotenoids were transferred
to the hexane (10 ml) phase, and their amount was measured
spectrophotometrically, using a UV-visible spectrophotometer
(160A, Shimadzu Corp., Kyoto, Japan).

Total phenolic content was determined according to Gomes
et al. (2021). The samples (0.5-g fruit pericarps for each) were
extracted in methanol (1:10), and the phenolic content was

TABLE 1 | Spectral characteristics of light used in the experiments according to daily light integral (DLI), a red/blue ratio, and a proportion of different regions.

Light
regimens

DLI (mol/day) Red/Blue ratio Red% Green% Blue% Far-red%

SUM Blue region
(400–500 nm)

Green region
(500–600 nm)

Red region
(600–700 nm)

Far-Red region
(> 700 nm)

A 17.28 0.86 0 16.42 0 19 95 0 5 0

B 17.28 3.46 0 13.82 0 4.0 80 0 20 0

C 17.28 2.59 3.46 11.23 0 4.3 65 20 15 0

D 17.28 2.59 3.46 11.12 0.11 4.3 65 20 15 0.6

E 28.8 4.32 5.76 18.53 0.18 4.3 65 20 15 0.6

F 28.8 4.72 5.76 18.53 0.18 3.9 64 20 16 0.6

Light regimens used: Regimen A, red and blue LEDs were used with a 95:5 ratio at moderate (300 µmol m−2 s−1) light intensity; Regimen B, utilisation of red and blue
LEDs with an 80:20 ratio at moderate (300 µmol m−2 s−1) light intensity; Regimen C, a wide spectrum (containing white, red, and blue LEDs) in an average proportion of
65:20:15 of red:green:blue at moderate (300 µmol m−2 s−1) light intensity: Regimen D, a wide spectrum supplemented with far-red application in an average proportion
of 65:20:15:0.6 of red:green:blue:far-red at moderate (300 µmol m−2 s−1) light intensity; Regimen E, a wide spectrum supplemented with far-red application in an
average proportion of 65:20:15:0.6 of red:green:blue:far-red at high (500 µmol m−2 s−1) light intensity; Regimen F, a wide spectrum supplemented with far-red and blue
light application in an average proportion of 64:20:16:0.6 of red:green:blue:far-red at high (500 µmol m−2 s−1) light intensity. The total photosynthetic photon flux density
(PPFD) integrated between 400 and 750 nm and the spectral distribution were determined by PG200N Spectral PAR Meter (Uprtek Europe Dl Technology GmbH, Aachen,
Germany), where the blue region was integrated between 400 and 500 nm, the green region between 500 and 600 nm, the red region between 600 and 700 nm, and
the far-red region between 700 and 750 nm.
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measured spectrophotometrically based on its reaction with
Folin-Ciocalteu reagent. Gallic acid standard was used for the
calibration curve, and the results were expressed in gallic
acid (Merck-Sigma group, Darmstadt, Germany) equivalents
(mg/g fresh mass).

The antioxidant activity of the fruit was determined by
a DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical assay
according to Oney-Montalvo et al. (2020), and the radical
scavenging activity was calculated in DPPH% reduction
determined after 30-min reaction time.

The amount of capsaicinoids and phenolic composition
were determined by the use of a Waters Acquity I-class Ultra
performance liquid chromatography (UPLC) system equipped
with a PDA detectors, which was coupled to either a Xevo TQ-XS
Triple Quadrupole Mass Spectrometer (Waters Corp.; Milford,
MA, United States) or a Vion IMS-QTOF-MS (Waters). The
full protocols, including the preparation of samples, separation,
identification, and the quantification of compounds, are detailed
in Supplementary Material (Worksheets a–c); here, only the
main parameters are given.

The extraction of capsaicinoids was carried out according
to the Hungarian Standard Method “MSZ9681-4:2002.” Briefly,
homogenised fruit samples (0.5-g dry mass) were extracted with
50-ml methanol in two steps by ultrasonication. The extracts
were combined, centrifuged (4,000 × g for 15 min), and the
supernatants were filtered through 0.22-µm PTFE syringe filters
and were diluted 20-fold prior to analysis. The separation of
capsaicinoids was achieved on a Supelco Core Phenyl-Hexyl
analytical column (2.7 µm; 4.6 mm × 150 mm; Merck-Sigma
group) under water: acetonitrile gradient elution. A Xevo TQ-
XS MS detector equipped with a Unispray source was used in
multiple reaction monitoring (MRM) and a positive ion mode.
Quantification of the compounds was based on the characteristic
fragment of m/z 137 of the [M + H]+ parent masses of
capsaicinoids. A detailed description is found in Supplementary
Material (Worksheet a).

The extraction and chromatographic analyses of phenolic
compounds were carried out according to Vrhovsek et al. (2012)
and Pál et al. (2019) with slight modifications. Homogenised
fruit pericarps (0.5-g FW) were spiked with 50 ng [2H6](+)- cis-,
trans-abscisic acid (OlChemIms.r.o. Olomouc, Czech Republic),
serving as an internal standard before the extraction with 2-
ml- × –2.5-ml methanol: water (2:1 v/v%). After centrifugation
(at 14,000 × g; 4◦C; for 10 min), 2.5 ml of n-hexane was
added to the supernatants to remove carotenoids. Then, the
phases were separated by centrifugation and the methanol:
water phase was filtered through 0.22-µm PTFE syringe filters
prior to analysis. Separation of phenolic compounds was
achieved on an HSS T3 column (1.8 µm; 100 mm × 2.1 mm;
Waters) under water: acetonitrile gradient elution (details to be
found in Supplementary Material, Worksheet b). Xevo TQ-
XS MS was utilised in MRM mode, and the respective MRM
transitions used for quantification are listed in Supplementary
Material (Worksheet b). Furthermore, identification of major
phenolic analytes detected by PDA at λ = 330 nm, which were
uncovered by the MRM methods, was achieved with the UPLC-
Vion IMS-QTOF-MS setup according to Jeong et al. (2011),

Morales-Soto et al. (2013), Kelebek et al. (2020), Mara de
Menezes Epifanio et al. (2020), and Guclu et al. (2021) (for
instrumental details, see Supplementary Materials, Worksheet
c). Quantification of these analytes was carried out at λ = 330 nm
against quercetin 3-rutinoside (rutin) reference material (Merck-
Sigma group). Furthermore, several compounds possessed
considerably higher abundance in the function of experimental
setups on the basis of UV detection at λ = 330 nm, but they
could not be unambiguously identified (referred to as NI1-20).
However, additional data could be provided on the basis of their
UPLC-MS characteristics (retention time, tentative elemental
composition, MS/MS acquisitions, etc.) in Supplementary
Material (Worksheet c), and HR-MS figures (presented in the
Supplementary PDF File).

Statistics
For each light regimen, the data presented in the tables and the
figures derived from triplicate experiments involve at least 10
or 5 biological replicates of the morphological and analytical
investigations, respectively. The SPSS 22 statistical programme
and Tukey’s post-hoc test were used to determine differences
between the light treatments. Different letters indicate significant
differences at the p < 0.05 level. Spearman’s rank order
correlation coefficients (at the significance level p < 0.05) were
calculated with the Statistica 13.5 software (TIBCO Software Inc.,
Palo Alto, CA, United States) in order to determine the main
light factors affecting the physiological and metabolic parameters
measured. The value -1 represents negative (inverse) correlation,
1 indicates positive (direct) correlation, whereas the values close
to zero indicate no correlation.

RESULTS

Plant Growth, Flowering, and Yield
Production
Plant height and green mass were measured to characterise the
growth of chilli under different light intensities and spectral
compositions (Table 2). The greatest plant height was measured
when the plants were grown under blue and red light with 95/5
red/blue proportion at 300 µmol m−2 s−1 light intensity (light
Regimen A), whereas the lowest values were detected in those
plants which were grown at high light intensities with complete
spectral composition (light Regimens E and F). Surprisingly, high
light intensity (light Regimens E and F) resulted in the lowest
green mass (biomass without the fruit); meanwhile, the yield
was the highest, which was reflected in the high harvest index
(Table 2). In contrast, the red and blue LEDs with a 95:5 ratio
(light Regimen A) provided the highest green mass, which was
accompanied with the lowest fruit yield, resulting in the lowest
harvest index (Table 2).

Considering the data of yield, the fruit mass per plant and the
average fruit mass together (Table 2), it appeared that high light
intensity with complete spectral composition (light Regimens
E and F) provided large amount of fruit with medium-average
fruit mass. The similar spectral composition at moderate light
intensity (light Regimens C and D) provided less fruit combined
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TABLE 2 | Plant morphology and biomass production of chilli grown under different light regimens (A–F).

Light regimens Plant height (cm) Greenmass (g) No. of fruit per plant Yield (g) of fruit per plant Average fruit mass (g/pc.) HI (yield/biomass)

A 61.5 ± 3.0a 114.7 ± 12.0a 8.9 ± 1.3a 54.4 ± 4.4b 6.11 ± 1.14c 0.32 ± 0.04b

B 59.4 ± 3.2a 112.3 ± 12.8a 8.6 ± 1.3ab 63.4 ± 5.3ab 7.37 ± 1.19bc 0.35 ± 0.05ab

C 58.8 ± 2.2a 111.6 ± 11.2a 8.4 ± 1.3ab 67.0 ± 5.6a 8.00 ± 1.24a 0.38 ± 0.05ab

D 58.0 ± 2.6ab 102.3 ± 12.4ab 7.4 ± 1.1b 59.2 ± 5.7ab 7.96 ± 1.25a 0.37 ± 0.05ab

E 54.4 ± 2.1bc 92.9 ± 10.5b 9.1 ± 1.2a 67.4 ± 5.1a 7.43 ± 1.12ab 0.42 ± 0.04a

F 51.1 ± 2.7c 87.8 ± 10.8b 9.0 ± 1.2a 66.1 ± 5.3a 7.34 ± 1.11ab 0.43 ± 0.04a

Green mass represents the plant mass without yield mass. HI: harvest index calculated as the ratio of fruit yield and total above-ground biomass. Light conditions
used: A, application of red and blue LEDs with a 95:5 ratio at moderate (300 µmol m−2 s−1) light intensity; B, utilisation of red and blue LEDs with an 80:20 ratio at
(300 µmol m−2 s−1) light intensity; C, a wide spectrum with an average proportion of 65:20:15 of red:green:blue at moderate (300 µmol m−2 s−1) light intensity: D, A
wide spectrum supplemented with far-red application in an average proportion of 65:20:15:0.6 of red:green:blue:far-red at moderate (300 µmol m−2 s−1) light intensity;
E, a wide spectrum supplemented with far-red application in an average proportion of 65:20:15:0.6 of red:green:blue:far-red at high (500 µmol m−2 s−1) light intensity;
F, a wide spectrum supplemented with far-red and blue light application in an average proportion of 64:20:16:0.6 of red:green:blue:far-red at high (500 µmol m−2 s−1)
light intensity. Values indicated with different letters are significantly different at p < 0.05.

with the highest average fruit mass. When only blue and red LEDs
with high proportion of blue light (light Regimen B) were applied,
the plants developed large amount of fruit with low-average fruit
mass (Table 2). The average fruit weight was the lowest when the
plants were grown under blue and red light with 95/5 red/blue
proportion at moderate light intensity (light Regimen A).

However, the pairwise comparison of growth parameters (i.e.,
plant height and green mass) showed significant differences
between light Regimens A and B, C and D, and E and F, indicating
that plant height and green mass were mainly affected by light
intensity. The adverse effect of a high-red proportion applied in
light Regimen A was detected in the lowest harvest index and in
the average fruit mass. On the other hand, the application of far-
red light at the beginning and at end of the light period, as well
as the addition of blue light in the middle of the light period, all
appeared ineffective.

The light conditions modified the flowering period (Figure 1).
The average number of flowers was similar under all light
regimens, but high light intensity (light Regimens E and F)
accelerated flowering, followed by the far-red application at
moderate light intensity (light Regimen D). When only blue and
red LEDs were used, the high proportion (20%) of blue light
(light Regimen B) prolonged the flowering period, while the high
proportion (95%) of red light (light Regimen A) delayed it.

Light-Induced Metabolomic Changes in
the Fruit
Capsaicinoids are one of the most important components of
chilli. Capsaicinoid content, including the amount of trans-
capsaicin (t-C), dihydrocapsaicin (DHC), nordihydrocapsaicin
(n-DHC), homocapsaicin (h-C), and homodihydrocapsaicin (h-
DHC), varied significantly under different light environments
(Table 3). Surprisingly, the total amount of capsaicinoids was
reduced in the fruit of the plants grown under high light intensity
(light Regimens E and F), as well as under moderate light
intensity with a high proportion of blue light (light Regimen
B) as compared to other spectral combinations, where the
amount of blue light was lower (Table 1). The application of FR
light did not modify significantly the amount of capsaicinoids
either at moderate or at high light intensity, according to the

FIGURE 1 | Flowering under different light regimens: (A) Application of red
and blue LEDs with a 95:5 ratio at moderate (300 µmol m−2 s−1) light
intensity; (B) utilisation of red and blue LEDs with a 80:20 ratio at (300 µmol
m−2 s−1) light intensity; (C) a wide spectrum with an average proportion of
65:20:15 of red:green:blue at moderate (300 µmol m−2 s−1) light intensity:
(D) a wide spectrum supplemented with far-red application in an average
proportion of 65:20:15:0.6 of red:green:blue:far-red at moderate (300 µmol
m−2 s−1) light intensity; (E) a wide spectrum supplemented with far-red
application in an average proportion of 65:20:15:0.6 of red:green:blue:far-red
at high (500 µmol m−2 s−1) light intensity; (F) a wide spectrum supplemented
with far-red and blue light application in an average proportion of 64:20:16:0.6
of red:green:blue:far-red at high (500 µmol m−2 s−1) light intensity.

pairwise comparisons of light Regimens C and D, and E and
F, respectively. These light-induced differences were observed
in most of the capsaicinoid components, providing 40–83%
maximal deviations, depending on the components.

The t-C and DHC were the dominant capsaicinoids, reaching
85–90% within the total amount. The n-DHC and h-DHC
represented about 5% of the total capsaicinoid content, whereas
h-C was about 1–2%. When the relative proportions of each
component were compared, the relative amount of t-C and
DHC changed inversely with light treatment. Namely, in those
cases where the total capsaicinoid content was high (under light
Regimens A, C, and D), the relative amount of t-C (t-C/DHC
ratio) was lower (ranged between 1.1 and 1.17) than in those cases
where the total amount of capsaicinoids was low (under light
Regimens B, E, and F) (Table 3). The h-DHC changed similarly
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TABLE 3 | The amount of capsaicinoids (mg/kg DW) and the pungency level Scoville Heat Unit (SHU) value of chilli fruits: trans-capsaicin (t-C), dihydrocapsaicin (DHC),
nordihydrocapsaicin (n-DHC), homocapsaicin (h-C); homodihydrocapsaicin (h-DHC), and the values of SHU.

Light regimens Total capsaicinoids t-C DHC n-DHC h-DHC h-C SHU value

A 1, 216 ± 79a 624 ± 51ab 440 ± 26a 72 ± 5.1a 52 ± 4.8a 22 ± 2.5a 18, 303 ± 1, 174a

B 887 ± 73b 462 ± 39c 316 ± 33b 52 ± 5.8b 38 ± 3.8b 15 ± 1.6b 13, 373 ± 1, 094b

C 1, 249 ± 70a 672 ± 35a 428 ± 27a 74 ± 4.7a 50 ± 4.4a 20 ± 1.3a 18, 868 ± 1, 043a

D 1, 183 ± 82a 598 ± 42b 435 ± 38a 75 ± 6.8a 51 ± 2.5a 19 ± 1.2a 17, 799 ± 1, 240a

E 928 ± 151b 518 ± 66bc 301 ± 60b 55 ± 10.2bc 36 ± 9.7b 15 ± 3.2b 14, 030 ± 1, 992b

F 859 ± 65b 487 ± 37c 282 ± 25b 41 ± 3.7c 31 ± 2.9b 16 ± 1.8b 13, 072 ± 984b

Light conditions used: A, application of red and blue LEDs with a 95:5 ratio at moderate (300 µmol m−2 s−1) light intensity; B, utilisation of red and blue LEDs with a
80:20 ratio at (300 µmol m−2 s−1) light intensity; C, a wide spectrum with an average proportion of 65:20:15 of red:green:blue at moderate (300 µmol m−2 s−1) light
intensity: D, a wide spectrum supplemented with far-red application in an average proportion of 65:20:15:0.6 of red:green:blue:far-red at moderate (300 µmol m−2 s−1)
light intensity; E, a wide spectrum supplemented with far-red application in an average proportion of 65:20:15:0.6 of red:green:blue:far-red at high (500 µmol m−2 s−1)
light intensity; F, a wide spectrum supplemented with far-red and blue light application in an average proportion of 64:20:16:0.6 of red:green:blue:far-red at high (500 µmol
m−2 s−1) light intensity. Values indicated with different letters are significantly different at p < 0.05.

to DHC, whereas the relative proportion of other components (n-
DHC and h-C) did not show significant changes. Accordingly,
the SHU indices (which indicate the most characteristic feature
of chilli fruit, the hotness, and the spicy flavour) ranged between
13,000 and 19,000 (Table 3). Higher values were observed under
light Regimens A, C, and D, while lower values were detected
under light Regimens B, E, and F like in the case of t-C and DHC
values. The former group (light Regimens A, C, and D) contained
low absolute amount of blue light, while the light Regimens B, E,
and F emitted higher absolute amount of blue light (Table 1). The
SHU values imply a moderate pungency level; however, they are
significantly higher than that of a typical cherrybomb fruit, whose
SHU index generally ranges between 2,500 and 5,000.

The total amounts of carotenoids and phenolics and the
antioxidant scavenging activity of the fruit were determined
(Figure 2). The carotenoid content, responsible for fruit colours,
was higher when the plants were grown in moderate light
intensity (under light Regimens A, B, C, and D) compared to
those fruits that were grown under high light intensity (light
Regimens E and F) (Figure 2A), indicating that amongst the
light conditions used, light intensity was the most dominant light
factor that influenced carotenoids. Inversely, the highest amount
of phenolic content was detected under high light intensity (light
Regimens E and F), followed first by moderate light intensity
with a high proportion of blue light (light Regimen B), and
then by Regimens A and C. The lowest value was measured
when a wide spectrum was used with far-red application under
moderate light intensity (light Regimen D) (Figure 2B). The
antioxidant capacity was also high at high light intensity (light
Regimens E and F), especially when additional blue light was
applied (Regimen F), followed by light Regimens D, B, and C
(Figure 2C). The lowest antioxidant capacity was found when
blue and red LEDs with a high proportion of red light were
used (light Regimen A). The pairwise comparison of the radical
scavenging activity and phenolics showed that both the light
intensity and the spectral composition influenced the production
of these metabolites.

Light dependence of phenolic compounds was determined
by UPLC-MS analyses. Mainly, phenolic acids, coumarins,
phenylpropanoids, and flavonoids, including flavones,
flavonones, and flavonols, were identified in the fruit extracts.

In addition, some other non-identified compounds (NI1-20)
were also detected. Since they also showed light-dependence
variation, the non-identified compounds (quantified in rutin
equivalent) were also included in the figures. The amounts
of the metabolites were indicated in Supplementary Table 1,
and their light-induced changes were presented in Figure 3.
Chilli fruit contains large amounts of flavones, capsianosides,
precursors of phenylpropanoids and also, many non-identified
compounds (NI1, 2, 3, 9, and 10) together with smaller amounts
of flavonones, flavonols, and coumarins. Several metabolites
showed light-dependent variations. Significant light-induced
differences (more than 200% of the lowest value) were found
for chlorogenic acid, ferulic acid, most flavones, flavonones,
and flavonols, as well as for capsianoside III and non-identified
compounds (NI) 5, 9, 10, and 19. These compounds make up 44%
of all compounds and 65% of the total amounts (in µg/g FW).
The light regimen induced moderate changes (ranging between
150 and 200%) for sinapic acid and its hexoside, dihydro-phaseic
acid, capsianoside IV diglucoside 2, capsianoside V, and some
minor luteolin and apigenin sugar derivatives, together with
many non-identified compounds, including NI3, 7, 11–13, 15,
17, 18, and 20. These make up 30% of the total compounds
and 27% of the total amount. About 26% of all compounds
showed slight (but statistically significant) variation under
different light environments, and they make up only 8% of
the total amount. These compounds are feruloylhexoside,
aesculetin, abscisic acid derived from carotenoids, phaseic acid,
capsianoside IV diglucoside 1 casianoside derivative and several
non-identified compounds, such as NI1, 2, 4, 7, 8, 14, and 16.
These results indicate that the presence of phenolic compounds
strongly depends on the light conditions. According to pairwise
comparisons between light regimens A and B, C and D, and E
and F), the blue light and far-red light caused significant changes
in the amount of main phenolic compounds.

Light Factors Affecting the Growth and
Production of Various Metabolites
According to the data, it seemed that, instead of specific light
conditions used in the present experiments, the overall daily
light, indeed, evoked the changes in the growth and metabolic
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FIGURE 2 | Carotenoid (A) and total phenolic content (B), and an antioxidant capacity of the fruit (C). Light conditions used: (A) Application of red and blue LEDs
with a 95:5 ratio at moderate (300 µmol m−2 s−1) light intensity; (B), utilisation of red and blue LEDs with an 80:20 ratio at (300 µmol m−2 s−1) light intensity; (C) a
wide spectrum with an average proportion of 65:20:15 of red:green:blue at moderate (300 µmol m−2 s−1) light intensity: (D) a wide spectrum supplemented with
far-red application in an average proportion of 65:20:15:0.6 of red:green:blue:far-red at moderate (300 µmol m−2 s−1) light intensity; (E), a wide spectrum
supplemented with far-red application in an average proportion of 65:20:15:0.6 of red:green:blue:far-red at high (500 µmol m−2 s−1) light intensity; (F) a wide
spectrum supplemented with far-red and blue light application in an average proportion of 64:20:16:0.6 of red:green:blue:far-red at high (500 µmol m−2 s−1) light
intensity.

changes in the fruits. Therefore, a correlation analysis was
performed between the light conditions used (Table 1) and
the morphological and metabolomics values in order to reveal
whether the absolute amount or the relative ratios of specific
spectral regions affect the given parameters (Figure 4).

Plant height and green mass were related to the absolute
amount of blue and green spectral regions. In addition, the
percentage of green (G%) and red light (R%) moderately
affected these parameters. The blue and green regions correlated
negatively with growth parameters (e.g., as blue and green
regions increase, the plant height and green mass decrease). The
percentage of red light (R%) affected these parameters in positive
direction. Yield (fruit mass per plant) was mainly affected by the
amount of blue light, but the red/blue ratio appeared as important
as the absolute amount of blue light. Yield was affected positively
by blue light and negatively by the R/B ratio. Interestingly, the
average fruit weight was affected by the G% and moderately

by the R/B ratio. The harvest index strongly depended on the
absolute amounts of blue, green, and far-red regions together
with G%. Similar results were found for flowering time in an
inverse tendency, indicating that the higher amount of blue,
green, and far-red light induces early flowering of plants. These
results demonstrated that, besides blue and red regions– in which
the absolute amount of blue light and the R% or the R/B ratio
may be effective—the green region also played an important role
in plant growth, flowering, and yield production.

The accumulation of metabolites in the fruit also showed
light-dependent variations. The absolute amount of blue light
was the main factor affecting the accumulation of capsaicinoids,
including all compounds, such as t-C, DHC, n-DHC, h-DHC,
and h-C, and the SHU in this chilli. The carotenoid content
was affected by the absolute amount of blue, green, and far-red
regions. Both groups of metabolites showed inverse correlation
with the light factors, i.e., a higher amount of light yielded a
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FIGURE 3 | A heat map representing the accumulation of phenolic
compounds in the fruit. Different colours represent different concentration
ranges. Differences between the values (within the rows) are indicated by
different letters. The significance was determined at the p < 0.05 level, using

(Continued)

FIGURE 3 | Tukey’ s post-hoc test. Light conditions used: (A) application of
red and blue LEDs with a 95:5 ratio at moderate (300 µmol m−2 s−1) light
intensity; (B) utilisation of red and blue LEDs with an 80:20 ratio at (300 µmol
m−2 s−1) light intensity; (C) a wide spectrum with an average proportion of
65:20:15 of red:green:blue at moderate (300 µmol m−2 s−1) light intensity:
(D) a wide spectrum supplemented with far-red application in an average
proportion of 65:20:15:0.6 of red:green:blue:far-red at moderate (300 µmol
m−2 s−1) light intensity; (E) a wide spectrum supplemented with far-red
application in an average proportion of 65:20:15:0.6 of red:green:blue:far-red
at high (500 µmol m−2 s−1) light intensity; (F) a wide spectrum supplemented
with far-red and blue light application in an average proportion of 64:20:16:0.6
of red:green:blue:far-red at high (500 µmol m−2 s−1) light intensity.

lower amount of metabolites. In contrast, total phenolics showed
direct (positive) correlation with the absolute amount of the blue
and far-red regions. The antioxidant capacity of the fruit was
correlated mainly with the amount of blue, green, and far-red
regions and with FR%.

Detailed analysis of phenolic compounds also revealed strong
light-dependent variations. Flavonoid (flavones, flavonones, and
flavonols) content was mainly affected by absolute amount of
the blue light but especially, in case of flavones (e.g., apigenin-
sugar derivatives), far-red light also seemed to be important.
A moderate effect of the green region could also be detected.
Light did not significantly modify the amount of chlorogenic
acid, ferulic acid, feruloylhexoside, and coumarin-type aesculetin.
Similarly, the amount of abscisic acid did not change significantly,
but its derivatives, phaseic, and dihydrophaseic acids were
positively affected by blue, green, and far-red light and inversely
by R% and the R/B proportion. The light dependency of many,
approximately half of the non-identified metabolites (NI6, 7, 9–
12 and 14–16), resembles that of flavones and differs from NI5, 8,
13, 17, 18, and 20. These results indicate that metabolic processes
can be modified by the spectral composition of the light.

DISCUSSION

Plant cultivation under artificial light in indoor cultivation
systems requires optimisation of light conditions. However, little
to decide information has been available on specific light factors
involved whether the absolute or the relative proportions of
different spectral regions influence the growth and development
of plants and their metabolic processes. Harmonisation of red and
blue lighting to natural light environment can be a strategy for
optimisation of artificial light environment. In the present study,
the basic concept was to complete the commonly used red and
blue spectra with white light, and then with FR treatment applied
in the morning and evening periods (simulating the sunrise
and sunset periods) at moderate and high light intensities. In
addition, the energy level of light was increased in noon periods
by adding supplemental blue lighting.

According to the results, the pairwise comparison of different
light regimens, namely the different blue and red ratios (light
Regimens A and B), and the application of white LED with or
without far-red treatments (light Regimens C and D), together
with the changes of light intensities (light Regimens E and F),
showed that the pairwise changes were less important; indeed,
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FIGURE 4 | Correlation analysis between the light conditions and all studied parameters of chilli. The absolute and relative amounts of different light regions were
integrated daily (DLI) and used as indicated in Table 1. The blue colour indicates negative (inverse), whereas red colour represents positive (direct) correlations, and
more intense colour shows higher correlation. The “r” values are also presented. The bold values show the significance level at the p < 0.05 level.
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the overall daily effect turned out to be influencing. For instance,
in comparison with the light Regimens E and F, the extra energy
applied during the middle of the growth period (light Regimen F)
did not cause significant changes; as a whole, this modification
triggered small changes in the daily light integral. In contrast,
light regimens containing a high amount or a high proportion
of blue light (light Regimens E, F, and B) induced similar changes
in growth (e.g., decrease in plant height) and metabolism (e.g.,
inducing the accumulation of phenolics) in spite of the fact that
they differed both in light intensities and spectral composition.
Therefore, in the future, more attention should be given to the
importance of the absolute amount and the relative proportion of
different spectral regions.

In the present investigation, the morphological parameters
mainly affected by light intensity and spectral combination were
plant height, flowering time, and yield production. The absolute
amount of blue light had a negative effect on plant height and
green mass production and a positive effect on fruit mass and
harvest indices. Apparently, this is a contradiction. However, as
demonstrated by several authors previously, an increase in light
intensity resulted in an increase of biomass and yield only up to
a critical threshold, whereas it decreased plant height in many
crops, including tomato seedlings (Huber et al., 2021), wheat
(Monostori et al., 2018), and chilli (Masabni et al., 2016). The
details also showed that the utilised photosynthetic energy was
distributed unequally between green mass and yield production.
For instance, doubling the light intensity from 250 to 500 µmol
m−2 s−1 resulted in a 1.25-fold increase of green mass and a
1.5-fold increase of yield in wheat (Monostori et al., 2018). In
chilli plants, growth at high light intensity did not result in
elevated shoot mass as compared to moderate light intensity,
whereas yield increased (Masabni et al., 2016). These results are
in accordance with the present observations, indicating that when
more energy is absorbed by the photosynthetic pigments, the
energy can be more efficiently converted into yield production.
In addition, the present results also demonstrate that spectral
composition also affected green mass and yield production,
resulting in the highest green mass and the lowest yield at low
light dominated by the red spectral region. Similar results were
found in tomato plants grown at different red/blue ratios, where
the biomass production was the highest at a high proportion of
red light, whereas the highest fruit production was obtained at
a high proportion of blue light (Deram et al., 2014). It appeared
that a low amount of blue light (at low light intensity with red
dominant spectra) stimulates green mass production, whereas a
sufficient amount of blue light can improve yield.

Stem elongation is controlled by many photoreceptors,
including PhyA responsible for far-red light signalling,
PhyB regulating red light signalling, and phototropins and
cryptochroms responding to blue light regions (Wang and
Deng, 2004; Zhiyu et al., 2007; Hu and Zhao, 2016; Legris et al.,
2019; Pierik and Ballaré, 2021). The light-induced regulation
mechanisms depend both on the fluence and the spectral
composition of light (Wang, 2005). Under the light conditions
used in the present experiments, plant height was mainly
determined by absolute amounts of blue and green light. Since
leaf numbers did not change significantly (data not shown),

the blue and green lights mainly affected the stem elongation.
The blue light-induced inhibition of stem elongation was also
demonstrated in bell pepper (Claypool and Lieth, 2020), tomato
seedlings (Deram et al., 2014), and in chrysanthemum (Kim
et al., 2004). The inhibitory effect of blue light on stem elongation
was also presented inversely by Runkle and Heins (2001), who
reported that environments deficient in blue light promoted
internode elongation in several long-day plants as compared to
unfiltered sunlight with a similar daily light integral. However,
in the present experiments, green light also contributed to
the inhibition of stem elongation as much as the blue light
(Figure 4), emphasising the importance of green light in the
growth regulation in chilli. The participation of green light in
stem elongation was also observed in lettuce (Kim et al., 2004)
and wheat (Monostori et al., 2018). However, the role of green
light in the regulation is not known. It is possible that the effect
of green light is mediated by a special green photoreceptor as
supposed by Folta (2004), or it may be due to the absorption
of cryptochromes, phototropins, or phytochromes in the green
region (Sellaro et al., 2010). It is likely that the light-induced
morphological responses are the consequence of regulated
cooperation of many photoreceptors.

Flowering is also controlled by many photoreceptors; however,
the regulation mechanism can vary according to long-, short-
day or day neutral plants (Lin, 2000; Kim, 2020). The present
experiments showed that flowering time in chilli was accelerated
at high light intensity with the high amount of blue and green
regions, and far-red light was also applied. Studies of flowering
responses to light in the most studied Arabidopsis model plant
showed that flowering was accelerated by far-red and blue
light, whereas red light caused repression (Lin, 2000; Kim,
2020). These processes were mediated by the far-red sensitive
phytochrome A and by the blue light-sensitive cryptrochrome
1 and 2 photoreceptors, respectively, and flowering repression
appeared to be mediated by the red-sensitive phytochrome
B (Lin, 2000; Kim, 2020). Although, to elucidate the role of
photoreceptors was not the subject of this study, our results
also confirmed the role of blue and far-red light in the
acceleration of flowering. In addition, the present research also
highlights the possible importance of the green region in the
regulation of flowering.

In greenhouses and under natural light environments, chilli
is often shaded for protection against stressful sunlight. Plants
25–80% shaded provided similar or higher yields than non-
shaded plants, whereas their fruit produced more capsaicinoids
and carotenoids and less phenolics than those of the uncovered
plants (Ombódi et al., 2016; Jeeatid et al., 2017). Likewise, higher
capsaicinoid content was detected in the fruit when moderate
fluorescent light was used instead of applying high light intensity
in a greenhouse during the summer season (Murakami et al.,
2006). These results are in accordance with the present findings,
where the capsaicin and carotenoid contents were lower, whereas
the phenolic content was higher under high light intensity than
under moderate light. In contrast, we could not confirm the
previous observations (Gangadhar et al., 2012; Yap et al., 2021),
indicating that blue light stimulated capsaicin accumulation,
since a negative correlation was found between the amount of
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FIGURE 5 | Schematic representation of different secondary metabolic pathways focusing on the metabolites found in the chilli fruit. The effects of light observed in
the present experiments are also indicated. The scheme is based on the KEGG database (maps 00998, 00941, 00940, and 01060).

blue light and the accumulation of capsaicinoids and carotenoids.
However, it must be mentioned that in the before-mentioned
experiments, a high amount of capsaicinoids was detected when
pure blue light was used either as sole (Gangadhar et al.,
2012) or supplemental lighting (Yap et al., 2021). These light
conditions completely differed from the mixtures used in the
present experiments in terms of both light intensity and spectral
composition. The present experiments showed that, among the
light factors, the absolute amount of blue light was the main factor
that affected the accumulation of capsaicinoids.

As summarised in Figure 5, capsaicinoids are synthetised
from vanillin and phenylalanine via phenylpropanoid pathways
together with the saturated (in DHC) or unsaturated (in C)
alkyl chain (Antonio et al., 2018). Phenylpropanoid pathways
are also linked with the synthesis of phenolics, including
flavonoids, coumarins, and antocyanins (Figure 5). In spite of

the fact that the metabolomic composition of chilli fruit grown
under different environmental conditions (Antonio et al., 2018;
Lemos et al., 2019; Kim et al., 2020) and the influence of
light intensity and spectral composition on the accumulation
of metabolites in several plants have already been investigated
(Landi et al., 2020; Loi et al., 2021), the light regulation
of secondary metabolism is still not understood in detail.
The present results showed that the different light conditions
induced approximately 40% change in capsaicinoids, 30% in
carotenoids, and approximately 250% in phenolics. According
to the results presented here, the blue light may induce a shift
in the phenylpropanoid pathways. Namely, the synthesis of
capsaicinoids was suppressed, whereas the synthesis of phenolics
(mainly flavonoids) was stimulated by the amount of blue
light. In addition, the inverse light-dependent behaviour of
DHC and C suggests that light may also affect the saturation
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of the fatty acid chain during the synthesis of capsaicinoids.
However, these metabolomic changes should be supported by
further investigations.

Carotenoids, like β-carotene, α-carotene, different
xanthophylls (zeaxanthin, neoxanthin, violaxanthin, lutein,
etc.), are available in coloured vegetables and fruits and have
strong radical quenching ability (Sarker et al., 2018b; Sarker
and Oba, 2021). The red colour of chilli fruit mainly originates
from capsanthin and capsorubin derived from violaxanthin and
antheraxanthin. These highly apolar carotenoids are synthesised
through the mevalonic acid pathways (Figure 5). According to
the results presented here, it appeared that high light intensity did
not force the accumulation of these metabolites (Figures 2, 4).
In fact, it was the moderate light intensity and the higher
proportion of red light that could stimulate their accumulation.
However, the light-induced differences did not exceed 30%,
which indicates that light is not a major factor in controlling
carotenoid biosynthesis during fruit ripening. Abscisic acid and
its derivatives and phaseic and dihydrophaseic acids are also
part of the carotenoid pathways and are derived from same
precursors as the red fruit colour. The low light-induced changes
of these metabolites also suggested that light conditions were not
detrimental for carotenoid biosynthesis in ripe fruits.

Phenolics and flavonoids, including hydroxybenzoicacids
(Sarker and Oba, 2019a), hydroxycinnamic acids (Sarker and
Oba, 2018d), flavanols (Sarker and Oba, 2020a), flavonols (Sarker
et al., 2020), flavones (Sarker and Oba, 2020b), and flavanones
(Sarker and Oba, 2020c) are strong antioxidants, having various
health benefits (Sarker and Oba, 2018e). These compounds
are also associated with some physiological activities in plants,
such as reducing reactive oxygen species and oxidative damage
(ROS) (Sarker and Oba, 2018b), alleviating osmotic stress (Sarker
and Oba, 2018c), decreasing photosynthetic activities (Sarker
and Oba, 2018e), improving nutrient imbalance (Sarker et al.,
2018a) in plant cells, protecting plants from drastic reduction in
growth and productivity (Sarker and Oba, 2019c), and ultimately
enhancing the concentration of antioxidants (Sarker and Oba,
2018a) for human diet. The strong antioxidant properties of
phenolics are also confirmed in the present experiments, as the
radical scavenging activity of the fruit (calculated as DPPH%)
mainly correlated (r = 0.716; p = 0.0136) with the total amount
of phenolics. Furthermore, both of these showed a positive
correlation with the amount of blue light, which also supports
that phenolic compounds contribute significantly to antioxidant
capacity. Likewise, positive and significant strong associations
were observed between total phenolics and antioxidant capacity
(DPPH) in several Amaranthus species (Sarker et al., 2018a,
Sarker and Oba, 2018c; Sarker and Oba, 2019b,c) that corroborate
the present findings.

As indicated by Marín et al. (2004), most flavonoids are
present in the form of conjugated O-glycosides and C-glycosides
in chilli. Many glycosylated derivatives of luteolin, quercetin,
kaempferol, and apigenin were also identified in the present
study (Figure 3 and Supplementary Table 1), similarly as
found by Morales-Soto et al. (2013) and Kelebek et al. (2020).
To our knowledge, this is the first report describing the
light dependence of separated flavonoid compounds in chilli.

Comparison of the light dependence of different phenolic
compounds showed that most flavonoids, including luteolin,
apigenin, naringenin, quercetin, kaempferol, and isorhamnetin
derivatives, showed positive correlation with the amount
of blue light, similarly as found for total phenolics and
antioxidant-scavenging activity in fruits. This suggested that
flavonoids belonging to flavone, flavonone, and flavonol groups
were responsible for the accumulation of phenolics and also
contributed to the antioxidant capacity of the fruit. Other
phenolics belonging to the hydroxycinnamic acid family, such
as chlorogenic, ferulic, and sinapic acids, and their derivatives
were also found in the fruit pericarp; however, these metabolites
showed less light dependence than flavonoids, except for sinapic
acid and its derivatives.

Although the molecular mechanisms of flavonoid biosynthesis
have been extensively studied (Tohge et al., 2014; Tang et al.,
2019; Thoma et al., 2020; Al Murad et al., 2021), their light
regulation has not yet been elucidated (Landi et al., 2020;
Loi et al., 2021). The light regulatory units of the genes for
the key enzymes, such as phenylalanine ammonia lyase (PAL),
4-coumaroyl CoA-ligase (4CL), and chalcone synthase (CHS)
involved in flavonoid biosynthetic pathways, have already been
identified in Arabidopsis and in some fruit species like grapes
and apple (Hartmann et al., 2005; Zoratti et al., 2014; Liu
et al., 2018). Based on these investigations, flavonoid biosynthesis
may be mediated by the UVB and blue photoreceptors, such
as phototropins and cryptochromes (Landi et al., 2020; Loi
et al., 2021). Although the photoreceptors were not identified
here, the present results also supported that phenolics, especially
flavonoids, were strongly regulated by blue light in this chilli. In
addition, both phenolic content and antioxidant capacity of the
chilli fruit can be improved by the addition of a high amount
of blue light. The light-induced metabolomic changes in chilli
are summarised in a schematic figure (Figure 5). From these
results, we can conclude that the application of LED lighting
can be an alternative way to improve fruit quality in terms of
bioactive compound.

CONCLUSION

In the present study, the light factors affecting the growth
and development of chilli and the production of secondary
metabolites were investigated. The results demonstrated that light
fluence and spectral composition together affected the growth,
flowering time, and fruit production of chilli, in which the
absolute amount of different spectral regions paid an important
role; however, the proportion of green light and the R/B ratio also
had an influence. Among the light-induced changes, the increase
of light fluence and the proportion of blue light stimulated
flowering and yield in chilli, whereas low amounts of blue
light enhanced green mass accumulation. Secondary metabolite
production in the fruit was also affected by spectral composition
and light fluence. Blue light (its absolute amount) stimulated the
accumulation of phenolic compounds, but it inversely affected
the production of capsaicinoids and carotenoids. These results
proved that the accumulation of secondary metabolites can be
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modified by appropriate modification of light fluence and spectral
composition, but different spectral combinations are required
to induce the accumulation of different types of secondary
metabolites. A single spectral combination is not sufficient to
ensure the optimal growth of chilli and the accumulation of all
metabolites; only an adjustable light environment can ensure
such conditions in indoor cultivation systems.
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The Power of Far-Red Light at Night:
Photomorphogenic, Physiological,
and Yield Response in Pepper During
Dynamic 24 Hour Lighting
Jason Lanoue, Celeste Little and Xiuming Hao*

Harrow Research and Development Centre, Agriculture and Agri-Food Canada, Harrow, ON, Canada

Supplemental light is needed during the winter months in high latitude regions to achieve
the desired daily light integral (DLI) (photoperiod × intensity) for greenhouse pepper
(Capsicum annuum) production. Peppers tend to have short internodes causing fruit
stacking and higher labor time for plant maintenance when grown under supplemental
light. Far-red light can increase internode length, and our previous study on tomatoes
(Solanum lycopersicum) also discovered monochromatic blue light at night during
continuous lighting (CL, 24 h) increased stem elongation. Furthermore, the use of low-
intensity, long photoperiod lighting can reduce light fixture costs and overall electricity
costs due to lower power prices during the night. Therefore, we investigated the use of
blue and/or far-red light during the night period of CL to increase stem elongation. Three
pepper cultivars with different internode lengths/growing characteristics (‘Maureno,’
‘Gina,’ and ‘Eurix’) were used to investigate the effects on plant morphology in a short
experiment, and one cultivar ‘Maureno’ was used in a long experiment to assess the
impact on fruit yield. The five lighting treatments that were used are as follows: 16 h of
white light during the day followed by either 8 h of darkness (16W – control), white light
(24W), blue light only (16W + 8B), blue + far-red light (16W + 8BFR), or far-red light
only (16W + 8FR). Calculated nighttime phytochrome photostationary state (PSS) was
0.833, 0.566, 0.315, and 0.186 for 24W, 16W + 8B, 16W + 8BFR, and 16W + 8FR
respectively. All five treatments had the same DLI in photosynthetically active radiation
(PAR) and far-red light. The 16W + 8BFR and 16W + 8FR treatments significantly
increased internode length compared to 16W and 24W but neither was more impactful
than the other. The 16W + 8B treatment also increased internode length but to a lesser
extent than 16W + 8BFR and 16W + 8FR. This indicates that a nighttime PSS of
0.315 is sufficient to maximize stem elongation. Both 16W + 8B and 16W + 8BFR
drove photosynthesis during the nighttime supporting a similar yield compared to 16W.
Therefore, 16W + 8BFR is the most potential lighting strategy as it can lead to a greater
reduction in the light fixture and electrical costs while maintaining yield and enhancing
internode length.

Keywords: dynamic 24h lighting, greenhouse pepper, far-red light, continuous light, light spectrum, light intensity,
photomorphogenesis, photoinjury
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INTRODUCTION

The daily light integral (DLI; light intensity × photoperiod
duration) plays a vital role in plant biomass accumulation and
yield. While the natural solar DLI is dictated by the time of year,
global location, and local weather, the total DLI can be augmented
by the application of supplemental lighting. Supplemental
lighting can aid in the achievement of a desired/target DLI to
increase plant growth and yield, specifically during low-light
months (McAvoy et al., 1989). The timely use of lighting during
low-cost periods can maximize economical gain for growers
(Sørensen et al., 2020). Extended photoperiods (up to 24 h)
with supplemental light at a lower light intensity reduce the
overall fixture need (i.e., capital cost) and move part of daytime
electricity use (or demand) to the nighttime when electricity
prices are at their lowest; such is the case in Ontario, Canada
(Hao et al., 2018a; IESO, 2022). Furthermore, regardless of fixture
type [whether it is high-pressure sodium (HPS) or light-emitting
diode (LED)] most of the input electricity in light fixtures is
eventually converted into heat because plants only convert a
small percentage of light energy into biomass (Kozai and Niu,
20161). The law of conservation of energy states that energy can
neither be created nor destroyed – only converted from one
form of energy to another – i.e., a system always has the same
amount of energy2 unless there is an exchange with outside.
During the night when lighting is not used, heating is usually
needed to maintain the proper greenhouse temperatures to
prevent any low-temperature damage to plants. By utilizing LED
lighting during the subjective night period, the heat generated
from the application of lighting can help to meet nighttime
heating requirements, reducing the use of fossil fuels for heating
and associated carbon dioxide (CO2) emission (Velez-Ramirez
et al., 2012) during the night period. However, exceeding the
tolerable limits of photoperiods, which are species-specific, can
lead to diminished yield, photoperiod-related leaf injury, and
an economic disadvantage for growers (Demers and Gosselin,
2002; Hao et al., 2018a). While lettuce (Ohtake et al., 2018) and
cucumber (Lanoue et al., 2021b) are more tolerant to extended
photoperiods including 24 h continuous lighting (CL), others
such as tomato (Velez-Ramirez et al., 2014; Matsuda et al.,
2016) and pepper (Demers and Gosselin, 2002) are susceptible
to photoperiod related injury. Photoperiod injury can manifest
in many ways including interveinal chlorosis which leads to
lower photosynthetic rates and ultimately reductions in yield
(Sysoeva et al., 2010; Velez-Ramirez et al., 2011). Unlike tomatoes
which develop severe leaf chlorosis, pepper leaves tend to be less
affected by CL, developing only mild or no chlorosis and subtle
leaf deformities (Demers et al., 1998). However, a reduction in
pepper yield is still observed under CL indicating that the plant
is unable to utilize the additional photons (Demers et al., 1998).
While the exact mechanism controlling photoperiod injury is
unknown, research in tomatoes suggests that CL tolerance is
conferred by a single gene; type III light-harvesting chlorophyll
a/b binding protein 13 (CAB-13; Velez-Ramirez et al., 2014).

1https://en.wikipedia.org/wiki/Photosynthetic_efficiency
2https://energyeducation.ca/encyclopedia/Law_of_conservation_of_energy

FIGURE 1 | Fruit stacking due to short internodes in plants grown under
supplemental lighting.

However, it should be noted that there are many circadian clock
components that form complex interactions indicating that there
are potentially many points of the regulation (Inoue et al., 2018).
The potential mismatch between internal diurnal patterns of gene
expressions and the lack of external light/dark cycles could also
play a role in CL injury.

The increase in light intensity due to supplemental lighting
during greenhouse production is known to cause plants to
become more compact as additional light represses stem
elongation and internode length (Hao and Papadopoulos, 1999;
Fan et al., 2013). This plant compaction is further observed in
peppers when they are grown under CL (Demers et al., 1998). For
peppers, this increased plant compaction, specifically a reduction
in internode length, may cause fruit stacking which can negatively
affect fruit shape (Figure 1) and lead to increased labor cost due
to the difficulty in removing suckers during plant maintenance.
Short internode has been identified as a limiting factor for
winter cultivation (such as from December to February) with bell
peppers under supplemental light.

Several studies have reported the usefulness of wavelength-
specific LEDs, particularly the use of far-red (FR) light, to
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promote stem elongation and leaf expansion in many species
including peppers (Brown et al., 1995; Rajapakse and Li, 2004;
Kalaitzoglou et al., 2019). By increasing the amount of FR light,
the phytochrome photostationary state (PSS) defined as the ratio
of phytochrome in the active state (Pfr) to the total phytochrome
in the active and inactive state (Pfr + Pr ; Sager et al., 1988) under
a given light spectra, can be altered. A low PSS will invoke a
shade avoidance response leading to increased stem elongation
(Cole et al., 2011).

Alterations in the PSS can lead to changes in biomass
partitioning. Similar to the shade avoidance response to stem
elongation, the addition of FR light can also result in an increase
in biomass partitioning of the stem (Brown et al., 1995; Maliakal
et al., 1999; Ji et al., 2019, 2020). Furthermore, the addition of
FR light has been shown to increase dry mass partitioning to
fruit, thus increasing yield, which in vascular plants can indicate
preferential carbon export to the fruit (Lanoue et al., 2018a;
Kalaitzoglou et al., 2019; Ji et al., 2020; Jin et al., 2021). It should
be noted that while phytochrome is traditionally thought of as a
photoreceptor for red and FR, it does absorb other wavelengths
which can affect the PSS (Eilfeld and Rüdiger, 1985; Sager et al.,
1988; Chun et al., 2001; Sullivan et al., 2016).

The use of short-term (typically 15–60 min) end-of-day FR
(EOD-FR) light has also been proposed as an alternative to the
use of FR during the day (Kasperbauer et al., 1984; Chia and
Kubota, 2010; Islam et al., 2014; Kalaitzoglou et al., 2019). EOD-
FR treatments provide low PSS as FR is used during a period
absent of photosynthetically active radiation (PAR). An EOD-
FR treatment typically uses a low FR light intensity which is
viewed as more energy efficient in comparison to daytime FR
application, while also can invoke a shade avoidance response
(i.e., stem elongation and leaf expansion) (Chia and Kubota,
2010; Kalaitzoglou et al., 2019). However, while EOD-FR has
been shown to increase light use efficiency (i.e., dry matter
accumulated per cumulative incident light; Zou et al., 2019), its
use does not have the same impact on plant height as moderate-
intensity (∼50 µmol m−2 s−1) FR light when used during the
day. Kalaitzoglou et al. (2019) showed that an EOD-FR treatment
of 17 µmol m−2 s−1 increased plant height compared to a control
treatment without FR; however, the plants are more compact
when compared to the use of continuous daytime FR at 54 µmol
m−2 s−1. Zou et al. (2019) also showed that in lettuce, the use
of 50 µmol m−2 s−1 of FR during a 16 h photoperiod produced
larger plants than the use of a 1-h 50 µmol m−2 s−1 EOD-FR
treatment. In peppers that may have internode lengths as low as
2.9 cm when grown under supplemental lighting (Demers et al.,
1998), a subtle increase in stem elongation due to EOD-FR would
not be sufficient to increase internode length to prevent fruit
stacking. Therefore, we hypothesize that the use of low intensity
FR light for a longer duration during the night in a dynamic CL
strategy (i.e., changes in light intensity and/or spectrum between
day and night periods) would provide the internode stretch
needed to avert fruit stacking and reduce additional labor cost
for plant maintenance.

Blue light (400–500 nm) is traditionally associated
with reduced plant height when added to a lighting
treatment (Shimizu et al., 2006; Nanya et al., 2012;

Hernández and Kubota, 2016). However, a unique phenomenon
occurs when blue light is used as a sole source. In the absence of
other wavelengths, monochromatic blue light has been shown to
increase stem elongation in cucumber (Hernández and Kubota,
2016), tomato (Lanoue et al., 2019), and Arabidopsis (Kong and
Zheng, 2020). This phenomenon is presumably the opposite of
what one would traditionally expect. In the absence of other light,
monochromatic blue light can have a low PSS which is known
to cause stem elongation (Cole et al., 2011; Kalaitzoglou et al.,
2019; Kong and Zheng, 2020). Furthermore, Kong and Zheng
(2020) suggest that phototropin II is involved in stem elongation
as the absence of this photoreceptor in Arabidopsis produced
taller plants than the wild-type when grown under blue light.
Therefore, sole irradiation with blue light (such would be the
case during the night) can increase stem elongation (Hernández
and Kubota, 2016; Lanoue et al., 2019; Kong and Zheng, 2020).

The use of dynamic CL lighting has shown promise in other
crops in averting photoperiod related injury (Matsuda et al.,
2016; Ohtake et al., 2018) and allowed injury-free production in
greenhouse tomatoes (Lanoue et al., 2019, 2021a) but no research
has been done on greenhouse peppers yet. Therefore, this study
was conducted to investigate the effects of dynamic CL lighting
with monochromatic blue, far-red or blue + far-red light during
the night on plant growth, morphology, leaf gas exchanges, and
fruit yield of pepper plants to identify dynamic CL or 24 h
lighting strategies that can reduce leaf injury, increase internode
length/stem elongation and maintain high fruit yield and quality.
The lighting strategies can generate significant economic benefits
if the high yield and quality under lighting can be maintained.
This is because low-intensity CL reduces light fixture capital cost
due to the lower intensity of light utilized to provide the same DLI
as the conventional shorter photoperiods of lighting, the lower
electricity price during the off-peak period at night, and the lower
peak power demand charge (Hao et al., 2018a; IESO, 2022).

MATERIALS AND METHODS

Plant Material and Experimental Design
Two experiments were conducted in this study. The first
experiment was aimed at identifying dynamic CL strategies which
could prevent injury while either maintaining or increasing
fruit yield and quality. Only one cultivar was used in this
experiment because of the large space (large plants) requirement
of the experiment. The second experiment expanded to three
cultivars with different growth characteristics and investigated
the effects of different spectra of light during the night on plant
morphology/architecture (especially on internode length) and
biomass partitioning in young pepper plants. Taken together,
the two experiments provided more complete information on
the impact of dynamic CL with different spectra of light during
the night on the photomorphogenesis, physiology, and yield
of pepper plants.

Experiment One
Forty-one-day-old pepper (Capsicum annuum) transplants cv.
‘Maureno’ were planted onto rockwool slabs on October 5th,
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TABLE 1 | Supplemental light intensities provided by Sollum SF04 fixtures of lighting treatments in experiments one and two where the daytime is defined as 6:00-22:00
and nighttime is 22:00-6:00.

Treatment 16W 24W 16W + 8B 16W + 8BFR 16W + 8FR

Experiment 1

Daytime PAR (µmol m−2 s−1) 220 ± 4 147 ± 3 181 ± 4 180 ± 5 –

Daytime FR (µmol m−2 s−1) 24 ± 3 17 ± 2 22 ± 2 18 ± 2 –

Daytime PSS 0.834 0.833 0.832 0.840 –

Nighttime PAR (µmol m−2 s−1) – 147 ± 3 73 ± 2 74 ± 3 –

Nighttime FR (µmol m−2 s−1) – 17 ± 2 – 16 ± 3 –

Nighttime PSS – 0.833 0.566 0.315 –

PAR DLI (mol m−2 d−1) 12.7 ± 0.2 12.7 ± 0.3 12.5 ± 0.3 12.5 ± 0.4 –

FR DLI (mol m−2 d−1) 1.38 ± 0.17 1.47 ± 0.17 1.27 ± 0.12 1.50 ± 0.21 –

Experiment 2

Daytime PAR (µmol m−2 s−1) 180 ± 6 121 ± 3 153 ± 4 152 ± 5 182 ± 5

Daytime FR (µmol m−2 s−1) 19 ± 2 13 ± 1 18 ± 2 13 ± 2 13 ± 1

Daytime PSS 0.834 0.833 0.832 0.840 0.844

Nighttime PAR (µmol m−2 s−1) – 121 ± 3 55 ± 2 56 ± 2 –

Nighttime FR (µmol m−2 s−1) – 13 ± 1 – 11 ± 1 10 ± 1

Nighttime PSS – 0.833 0.566 0.315 0.186

PAR DLI (mol m−2 d−1) 10.4 ± 0.3 10.4 ± 0.3 10.4 ± 0.3 10.4 ± 0.3 10.5 ± 0.3

FR DLI (mol m−2 d−1) 1.14 ± 0.12 1.14 ± 0.09 1.04 ± 0.12 1.07 ± 0.14 1.04 ± 0.09

Dashes (–) represent no PAR or FR light during that period. PSS was calculated using Sager et al. (1988) via data obtained from a Li-180 spectroradiometer during the
night at the apex of the plant in order to eliminate confounding effects of the sunlight.

2020 in two adjacent double-layer polyethylene greenhouses
(50 m2 of growing area each) at the Harrow Research
and Development Centre (Agriculture and Agri-Food Canada,
Harrow, ON, Canada; 42.03◦N, 82.9◦W). Plants were trained in a
high wire double-stem fashion at a plant density of 7.05 stems
m−2. In total, 72 plants were placed under each of the four
light treatments. The plants were drip-irrigated as needed using
a complete nutrient solution (Ontario Ministry of Agriculture,
Food and Rural Affairs [OMAFRA], 2010) with an electrical
conductivity of 2.8 dS m−1 and a pH of 5.9. The greenhouse
was enriched to 800 µL L−1 of CO2 during both day and night
when the greenhouse was not vented (actual concentrations 800–
1000 µL L−1). The heating temperature during the day was
20.5◦C with a venting temperature of 25◦C (actual temperature
20.5–25◦C, Supplementary Figure 1A). Day humidification
set point was 65% with a dehumidification set point of 85%
(actual humidity 62–80%, Supplementary Figure 1B). The
nighttime heating temperature was 18◦C and venting was 22◦C
(actual temperature 18.5–20.5◦C). Night humidification set point
was 55% with a dehumidification set point of 80% (actual
humidity 55–65%).

Each greenhouse was subdivided into four sections by light
abatement curtains (Obscura 9950 FR W, Ludvig Svensson,
Kinna, Sweden). The light abatement curtains were closed
on cloudy days and during the night to prevent treatment
contamination. On sunny days, the light abatement curtains
were opened to prevent the shading of the high-intensity
solar radiation. Guard plants were utilized on the outermost
rows of each greenhouse. Beginning on November 12th, 2020,
four overhead supplemental light treatments (Table 1) were
implemented with Sollum SF04 LED lighting fixtures (Sollum

Technologies Inc., Montréal, QC, Canada). These fixtures have
multiple independently controlled diode channels which allow
for changes in spectrum and intensity throughout a 24 h period.
The light treatments were as follows: 16 h of white light (3257k)
during the day followed by 8 h of darkness (control; 16W),
continuous white light for 24 h which represents the largest
possible reduction in fixture cost (24W), 16 h white light during
the day followed by 8 h of blue light (peak wavelength = 451 nm)
at night which allowed us to test the hypothesis that sole blue
light can increase stem elongation (16W+ 8B), and 16 h of white
light during the day followed by 8 h of blue and far-red light
(peak wavelength = 734 nm) during the night to observe if there
was an additive effect of the two wavelengths on stem elongation
(16W+ 8BFR; Figure 2). All daytime white treatments provided
the same percentage of blue (400–499 nm), green (500–599 nm),
and red (600–699 nm; 12.1% blue, 30.2% green, and 57.7% red)
but at different total intensities (Table 1). Daytime was defined
as 6:00–22:00 and nighttime was defined as 22:00–6:00. The light
in each treatment was measured at four locations within each
plot in each greenhouse with a 1-m quantum light sensor (Li-
COR 191R; Li-COR Biosciences, Lincoln, NE, United States) just
above the apex of the plant. The light intensity was adjusted via
automatic dimming of the light fixtures as needed throughout
the experiment to maintain the appropriate light levels (Table 1).
Spectral composition readings were taken at the apex of the
plant using a Li-COR Li-180 spectroradiometer (Figure 2). The
daily light integrals (DLI) for photosynthetically active radiation
(PAR, 12.6 ± 0.1 mol m−2 d−1) and for far-red light (FR,
1.41 ± 0.06 mol m−2 d−1) were the same for all four lighting
treatments (Table 1). Supplemental lighting accounted for 47–
81% of total DLI depending on solar radiation fluctuations
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FIGURE 2 | Normalized photon flux density (PFD) of daytime (A) and nighttime (B) light treatments as determined with a Li-180 spectroradiometer during the night
at the head of the plant.

throughout the growing period. The far-red light during the
daytime in 16W + 8BFR was reduced accordingly so that same
DLI for far-red light could be achieved. PSS values were calculated
following the methods of Sager et al. (1988).

All light measurements were performed at night to avoid
any contamination from solar radiation. Lights remained on
regardless of the natural solar radiation levels to ensure the
same DLIs for all lighting treatments. Plants from experiment
one were used for all gas exchange measurements, chlorophyll
fluorescence measurements, and fruit production evaluation. The
experiment was terminated at the end of March because our past
research indicates that the effect of supplemental far-red light on
greenhouse peppers is negligible after mid-March when there is
high intensity of far-red light from sunlight (Hao et al., 2018a).

Experiment Two
Pepper seeds cv. ‘Maureno,’ ‘Gina,’ and ‘Eurix’ were sown into
1 cm × 1 cm rockwool propagation cubes on March 29th, 2021
and placed in a germination chamber with 100% humidity for
8 days. Upon germination, seedlings were transplanted into 2-l
pots filled with soil media (BM6, Berger, Saint-Modeste, QC,
Canada) and placed in a greenhouse. On April 26th, 2021 40
plants of each cultivar were placed under one of five light
treatments (120 plants encompassing all three cultivars under
each treatment) in two double-layer polyethylene greenhouses.
A fifth treatment was added to better understand the role of
sole FR light during the night and its impact on stem elongation
(16W + 8FR). The 16W + 8FR treatment represented 16 h of
white light followed by 8 h of sole far-red light (Figure 2 and
Table 1). The greenhouse roof was covered with light abatement
curtains (Obscura 9950 FR W, Ludvig Svensson, Kinna, Sweden)
which blocked 90–95% of incoming solar radiation. Measured
solar light intensity during solar noon was between 20 and
30 µmol m−2 s−1 inside the greenhouse. In this way, we could
assess the biomass partitioning and growth patterns of peppers
without interference from the sun (i.e., in a growth chamber-like
setting). Lighting was again provided by Sollum SF04 fixtures. All
five lighting treatments had the same PAR DLI (10.4 ± 0.01 mol
m−2 d−1) and FR DLI (1.09± 0.03 mol m−2 d−1) measured just

above the apex of the plants (Figure 2 and Table 1). Supplemental
lighting accounted for between 89 and 96% of the total DLI
the plant was exposed to, depending on daily solar radiation.
PSS values were calculated following the methods of Sager et al.
(1988). The 16W, 24W, 16W+ 8B, and 16W+ 8BFR treatments
were similar to experiment one but had a lower overall DLI. The
irrigation management and greenhouse climate parameters were
similar to experiment one (Supplementary Figure 2). Plants in
experiment two were used for plant morphological and biomass
partitioning assessment.

Leaf Gas Exchange: Day and Night
Measurements
As stated above, all gas exchange data were obtained using plants
from experiment 1. Thus the days into the treatment (DIT) are
calculated from November 12th, 2020. For day and nighttime
measurements, the fifth leaf was placed in the chamber of a
Li-COR 6400 (Li-COR Inc., Lincoln, NE, United States) which
was fitted with a 2-cm by 3-cm clear top chamber. The leaf
temperature was set to 22◦C with a relative humidity of 60–
70% and a CO2 level held at 800 µL L−1. Four leaves from
separate plants under each treatment were used at 99 DIT for
both day and nighttime measurements. Daytime measurements
were performed on cloudy days to maximize the effect of
supplemental lighting while minimizing the effect of natural
sunlight. Nighttime measurements began half an hour after
lighting changes (22:30), allowing the leaves to acclimate to the
new light environment. Leaves were kept in the chamber until a
steady-state photosynthesis rate was obtained, then the average
from 2 min was taken.

Leaf Gas Exchange: Light Response
Curves
The fifth leaf was placed in the chamber of a Li-COR 6400
photosynthesis system which was fitted with a 2-cm by 3-cm
red/blue (88%R/12%B) LED Li-COR standard light source. The
leaf temperature was set to 22◦C with a relative humidity of
60–70% and a CO2 level held at 800 µL L−1. Four leaves from
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FIGURE 3 | Net carbon exchange rates (A,B), transpiration rates (C,D), water-use-efficiency (WUE; E,F), and light-use-efficiency (LUE; G,H) of the fifth leaf from
pepper plants grown under the lighting treatments at 99 DIT during the daytime (A,C,E,G) and nighttime (B,D,F,H). Daytime measurements were performed using a
Li-COR 6400 fitted with a clear top chamber on a cloudy day and thus represent the photosynthesis driven mostly by the supplemental lighting. Nighttime
measurements were performed after 22:30 (half an hour after night lighting started), allowing leaves to adjust to the new light environmental conditions. Error bars
represent the standard errors of the means of n = 4. Letter groups (A, B, C) represent a significant difference within a panel between the lighting treatments
(p < 0.05).
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FIGURE 4 | Leaf photosynthetic light response curves of pepper plants grown
under the light treatments at 91 DIT as determined using a Li-COR 6400
photosynthesis system with a red/blue standard Li-COR light source.
Measurements were made at a CO2 level of 800 µL L−1, leaf temperature of
22◦C, and relative humidity of 60–70%. Regressions lines were fit to
y = yo + a(1-e(−b∗x )) for each lighting treatment.

separate plants under each treatment were used at 91 DIT.
Measurements were performed on cloudy days. Leaves were
acclimated to high light intensity (1500 µmol m−2 s−1) until a
steady-state photosynthetic rate was achieved. After the steady-
state was achieved, light curves began at a high light intensity
and decreased gradually following the procedure from Lanoue
et al. (2018b). At each light level, the photosynthetic rate was
allowed to reach a steady-state, then measurement was taken for
that light level. Photosynthetic rates were plotted against the light
intensity and fitted to a regression line following the equation
y = yo + a(1-e(−b∗x)) using SigmaPlot 10.0 to determine the
photosynthetic maximum. A linear regression (y = mx+ b) using
the photosynthetic rates between the light levels of 0–100 µmol
m−2 s−1 was used to calculate both the light compensation point
(LCP) and quantum yield (QY).

Chlorophyll Fluorescence Imaging
Intact leaves were dark-adapted using aluminum foil for 20 min.
After the dark adaptation period, leaflets were detached and
immediately used for chlorophyll imaging using a closed
FluorCam model FC 800-C with FluorCam v.7.0 software
(FluorCam, Photon System Instruments, Brno, Czechia). The
minimum fluorescence in a dark-adapted state (Fo) was acquired
during a dark period of 5 s, after that, an 800 ms saturating
light pulse (3000 µmol m−2 s−1) from a blue LED (peak
emission of 449 nm) was used to measure the maximum
fluorescence in a dark-adapted state (Fm). From Fo and Fm, the
variable fluorescence in a dark-adapted state (Fv) was calculated
(Fv = Fm-Fo) which was used to determine the maximum
photosystem II (PSII) quantum yield (Fv/Fm). In general, the
lower the value of Fv/Fm, the more severe the photo-inhibition
and thus, the leaf injury (Baker, 2008). By calculating Fv/Fm
using chlorophyll fluorescence imaging, we are able to assess not

only the prevalence of injury but also the spatial heterogeneity
of Fv/Fm from a leaflet. Eight leaflets from the fifth leaf of
different plants were used for each light treatment when plants
were at 110 DIT.

Yield
Yield analysis was performed on plants from experiment one
only. Harvest was performed weekly throughout the experiment
beginning on December 31st, 2020 (50 DIT) and finishing on
March 24th, 2021 (133 DIT) with peppers being harvested once
they reached full size and had gone through a 75% color change.

Biomass Partitioning and Destructive
Measurements
Biomass partitioning and destructive harvest measurements were
performed on plants from experiment two only. Measurements
were done from June 1–3, 2021 (37–39 DIT) and again from June
28–30, 2021 (64–66 DIT) with ten and six plants respectively
from each cultivar. During these measurements, plant height,
internode length, leaf number, leaf area, and SPAD values of
the fifth leaf were determined. Plant height was measured as the
distance from the base of the plant in the soil to the top of the
tallest stem on that plant. Internode length was the distance from
the highest node which contained a leaf longer than 5 cm on
the tallest stem to the bifurcation point (i.e., where two stems
naturally split). The distance was then divided by the number of
nodes between these two points to determine internode length.
The leaf area was determined using a Li-COR 3100 (Li-COR Inc.)
leaf area meter. SPAD value was determined using a chlorophyll
meter taking six measurements on each leaf to determine an
average for that leaf (SPAD model 502, Konica Minolta, Osaka,
Japan). The leaves and stems were separated from the plant
and weighed (fresh weight), then placed in an oven at 65◦C for
2 weeks before being weighed for dry weight.

Statistical Analysis
All statistics were performed using SAS Studio 3.5. After the
ANOVA, multiple means comparisons between the different
treatments were done using a Tukey-Kramer adjustment and a
value of p < 0.05 to indicate a significant difference. Regression
analysis was done using a backward elimination method in SAS
Studio 3.5. Final regressions with a p < 0.05 were determined
to be significant.

RESULTS

Leaf Gas Exchange and Chlorophyll
Fluorescence
Clear top photosynthetic measurements were done on cloudy
days which allowed for the observation of how each light
treatment affected light capture and gas exchange directly
(Figure 3). Leaves grown under 16W + 8BFR produced similar
photosynthetic rates to the control, 16W (Figure 3A). Leaves
from both 24W and 16W + 8B produced lower photosynthetic
rates than the control (16W). There was no significant difference
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TABLE 2 | Summary of the major physiological parameters as determined by leaf light response curves (Figure 4) from peppers grown under all treatments at 91 DIT.

Treatment Light compensation point (µmol m−2 s−1) Apparent quantum yield (µmol CO2 m−2 s−1/µmol m−2 s−1) Pnmax (µmol CO2 m−2 s−1)

16W 21.42 ± 3.78A 0.069 ± 0.006A 27.34 ± 4.65A

24W 32.19 ± 3.30A 0.068 ± 0.004A 25.14 ± 1.81A

16W + 8B 21.04 ± 3.25A 0.075 ± 0.001A 29.38 ± 3.90A

16W + 8BFR 29.22 ± 8.14A 0.072 ± 0.004A 29.17 ± 2.94A

The light compensation point (LCP) and apparent quantum yield (QY) were calculated from a regression line (y = mx + b) fitted to the values between the PAR values
of 0–100 µmol m–2 s–1. The photosynthetic maximum (Pnmax ) was calculated from y = yo + a(1-e(−b∗x )). Values ± the standard errors of the means are representative
of n = 4. Within each parameter and measurement date, different letters represent a statistical difference as determined by a one-way ANOVA with a Tukey-Kramer
adjustment (p < 0.05).

FIGURE 5 | Maximum efficiency of PSII (Fv/Fm) of the fifth leaf from peppers grown under all light treatments at 110 DIT. Error bars represent the standard errors of
the means of n = 8. Letter groups (A, B) represent a statistical difference as determined by a one-way ANOVA with a Tukey-Kramer adjustment (p < 0.05).

FIGURE 6 | Spatial response of Fv/Fm from the fifth leaf of peppers grown under all light treatments measured at 110 DIT.
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FIGURE 7 | Total yield parameters from peppers grown under all light
treatments from October 5th, 2020 to March 24th, 2021. (A) Represents the
accumulated number of fruit harvested per stem, (B) represents the
accumulated number of fruit harvested per stem, and (C) represents the
average weight per fruit (fruit size). Within each panel, letter groups (A, B)
represent a statistical difference as determined by a one-way ANOVA with a
Tukey-Kramer adjustment (p < 0.05).

among all treatments on leaf transpiration rates (Figure 3C)
and the ratios of CO2 influx vs. H2O efflux (water-use-
efficiency; WUE) (Figure 3E). Calculation of light-use-efficiency
(LUE) was also performed which normalized photosynthesis
on an incoming photon basis. In this way, we can compare
photosynthetic capacity between the light treatments with
different intensities. This parameter also allows us to remove
any small effects of changing solar radiation intensity, even

though these measurements are taken on cloudy days. The 16W,
16W + 8B, and 16W + 8BFR treatments had similar LUE while
24W was lower (Figure 3G). This result indicated that 24W was
less efficient at turning incident light into assimilated carbon.
Also, even though 16W + 8B was observed to have a lower
photosynthetic rate than 16W, it was mainly due to a lower light
intensity of the treatment during daytime (Table 1).

Leaves from 16W produced a negative net carbon exchange
rate (NCER) representing respiration during the night period
(Figure 3B), as expected. However, leaves from 24W, 16W+ 8B,
and 16W + 8BFR all produced positive NCERs, indicating
photosynthesis. These photosynthetic rates during the night
period coupled with daytime photosynthetic rates indicate
positive carbon assimilation for a continuous 24 h period. It
should be noted that 24W had the highest NCER of all treatments
during the night which corresponded with the highest light
intensity during that period (Figure 3B). Transpiration rates
during the night period were similar to all light treatments
(Figure 3D). As the quotient of NCER and transpiration, WUE
closely follows the patterns of NCER with 16W producing the
lowest WUE and 24W the highest (Figure 3F). LUE values for
16W were non-resultant because there was no light during the
nighttime (Figure 3H). The LUEs for the three treatments with
lighting during the night (24W, 16W + 8B, and 16W + 8BFR)
were similar (Figure 3H), indicating the photosynthetic capacity
of the three treatments was the same and the difference in their
net carbon exchange rates was due to difference in night light
intensity (Table 1).

Photosynthetic light response curves (Figure 4) allow for the
assessment of how plants grown under different light treatments
respond to the different light intensities. The light compensation
point (LCP) is the light intensity at which the photosynthetic rate
and the respiratory rate are equal to each other (i.e., no net CO2
gain or loss). Under all treatments, the LCP was similar indicating
that plants are able to start carbon assimilation at roughly
the same light intensity (Table 2). Similar to LUE, apparent
quantum yield is a metric that determines how much CO2 is
assimilated with each additional photon added. This parameter
is calculated during the linear phase (0–100 µmol m−2 s−1) of
light increase. Continuous lighting had no detrimental effect on
apparent quantum yield (Table 2). The photosynthetic maximum
(Pnmax) is a measurement of the maximum photosynthetic rate
when light is not a limiting factor. In this sense, it is a proxy for
what the plant may encounter during periods of intense natural
solar radiation. Similar to other metrics of the light response
curve, Pnmax was comparable among all treatments, indicating
that the photosynthetic performance under strong light was not
affected by continuous illumination (Table 2).

As stated previously, chlorophyll fluorescence measurements
are an unbiased determination of the stress status of a leaf in
comparison to visual chlorosis ratings. The maximum quantum
efficiency of PSII photochemistry (Fv/Fm) is a parameter that
is often used to monitor the stress of a leaf through the
measurement of photo-inhibition. The higher the value, the less
stressed a leaf is (Demmig and Björkman, 1987; Baker, 2008).
Leaves grown under 24W have significantly lower Fv/Fm values
than all other treatments, indicating a higher level of stress, even
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if this was not visually apparent to the human eye (Figures 5, 6).
Furthermore, fluorescence imaging allows for the assessment of
the spatial impact of stress. In the bottom image of Figure 6, a
large area of green is apparent in the image of the leaf grown
under 24W, indicating a lower Fv/Fm value and more stress.
While 16W + 8BFR also displays some green coloration, it was
much less severe. There was no significant difference in Fv/Fm
values between 16W+ 8BFR and W16 or 16W+ 8B (Figure 4).

Yield
Ultimately, the feasibility of dynamic CL/24 h lighting hinges on
the production of equal to or greater yield than a traditional 16h
photoperiod (control, 16W). In Figures 7A,B, both 16W + 8B
and 16W + 8BFR supported similar fruit production (total fruit
number and weight per stem) to 16W (control) while 24W
significantly reduced fruit production. The fruit size (average
weight per fruit), a metric that often affects fruit grade was lower
in 24W than in 16W + 8BFR (Figure 7C) while there was no
difference among other treatments. Therefore, 16W + 8B and
16W + 8BFR were able to achieve the same fruit yield and grade
as the control 16W while 24W reduced fruit yield and grade.

Plant Morphology
Experiment two was conducted to get an in-depth assessment
of the morphological changes brought about by the various
light treatments (Figure 8) using three cultivars with different
growth architecture (especially internode length). ‘Maureno’ and
‘Gina’ in combination with 16W + 8FR and 16W + 8BFR
produced the tallest plants while both 16W and 24W produced
the shortest at 37-39 DIT (Figures 8A,C,E, 9A). Interestingly, in
‘Eurix’ 16W + 8FR produced taller plants than 16W + 8BFR.
During the 64-66 DIT measurement period, differences in plant
height due to light treatments were much more apparent. Again,
both 16W + 8BFR and 16W + 8FR produced the tallest plants
while 16W and 24W produced the shortest (Figures 8B,D,F,
9B). In fact, plant height increased by 63, 54, and 56% when
comparing 16W + 8FR to 16W for ‘Maureno,’ ‘Gina,’ and ‘Eurix’
respectively. Furthermore, during both measurement periods,
blue light at night (16W + 8B) increased stem height compared
to 16W. Far-red light during the night either used as a sole source
(16W+ 8FR) or in addition to blue light (16W+ 8BFR) resulted
in a further increase (Figures 8, 9).

During the measurement period of 37–39 DIT, internode
length was similar between 16W, 24W, and 16W + 8B in all
cultivars (Figure 9C). Treatments 16W+ 8BFR and 16W+ 8FR
produced similar internode lengths which were longer than those
observed in plants grown under 16W, 24W, or 16W + 8B.
Notably, 16W + 8BFR and 16W + 8FR both implemented FR
light during the night either with blue light or as a sole source.
At 64–66 DIT, 16W+ 8FR again produced the longest internode
for all three cultivars, and 16W + 8BFR produced similarly long
internodes in ‘Gina’ and ‘Eurix’ (Figure 9D). Furthermore, plants
are grown under 16W + 8B with monochromatic blue light at
night also showed longer internode length when compared to
16W in all three cultivars (Figure 9D). This indicates that long-
term exposure to blue light during the night period can increase
internode length in pepper plants. The plants in 16W + 8BFR

and 16W + 8FR had similar plant heights and internode lengths
during both measurement periods (Figure 9) in all three cultivars
except for a small difference in ‘Maureno,’ indicating the response
of plant height and internode length between 16W + 8BFR and
16W+ 8FR were mostly similar, and there was a minor influence
of cultivars on the response.

Leaf area can give an indication of the light capture ability of a
plant which can be impacted by the light environment. Between
37 and 39 DIT, the plants are grown under 24W and 16W + 8B
produced the largest leaf area while the plants under 16W+ 8FR
had the lowest leaf area in ‘Gina’ (Table 3). Coincidentally, at 64–
66 DIT all cultivars had the highest leaf area when grown under
16W + 8B which had sole blue light during the night treatment
(Table 3). Both 16W + 8BFR and 16W + 8FR treatments that
contained FR light were also observed to have an increased leaf
area compared to 16W. At 37–39 DIT and in ‘Maureno’, the leaf
number was similar among the treatments. In ‘Gina’ and ‘Eurix,’
16W plants had the highest leaf number while 16W + 8BFR or
both 16W + 8BFR and 16W + 8FR had the lowest numbers
of leaves. At 64–66 DIT, 16W resulted in the highest number
of leaves almost for all cultivars. In ‘Maureno,’ 16W + 8B also
produced a high number of leaves, and in ‘Gina’ 24W produced a
similar number of leaves as 16W (Table 3). For all three cultivars,
treatments that contained far-red (solely or in combination with
blue) produced the least number of leaves. Interestingly, at 64–
66 DIT, 16W produced the most leaves in all cultivars but had
the lowest leaf area indicating that the average leaf size was the
smallest in the treatment.

At 37–39 DIT, the specific leaf area (SLA) of plants grown
under four CL treatments in all three cultivars was higher than
that of plants grown under 16W, indicating CL treatments
reduced leaf thickness (Table 3). In ‘Maureno’ and ‘Gina,’ SLA
was similar among all four CL treatments. In ‘Eurix,’ the plants
under 16W + 8FR had higher SLA than that of plants under
16W + 8BFR (Table 3). At 64–66 DIT, a much clearer trend
emerged where 16W + 8FR consistently produced the highest
SLA while 16W produced the lowest SLA followed by 24W in
all cultivars. At 37–39 DIT, the SPAD value, a metric closely
correlated with chlorophyll content, was consistently the lowest
in plants grown under 16W + 8FR and the highest in plants
grown under 16W in all cultivars (Table 3). This trend continued
during the 64–66 DIT measurements (Table 3). Taking all the
information on leaf area, SLA, and SPAD into consideration, it
seems that the plants grown in CL treatments adapted to the low
light environment by reducing leaf thickness and increasing leaf
area to improve light interception, especially for plants grown
under 16W+ 8FR.

Regression Analysis of Biomass
Partitioning and Internode Length to
Phytochrome Photostationary State
Regression analysis was conducted using the nighttime PSS
values from CL treatments only where PSS was 0.833, 0.566,
0.315, and 0.186 for 24W, 16W + 8B, 16W + 8BFR, and
16W+ 8FR, respectively. The 16W treatment was not included in
the analysis due to the non-resultant quotient of the equation (i.e.,
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FIGURE 8 | Pepper plants cv. ‘Maureno’ (A,B), ‘Gina’ (C,D), and ‘Eurix’ (E,F) grown under five different light treatments at 39 DIT (A,C,E) and 73 DIT (B,D,F) from
experiment two.

because there was no light during the nighttime). A significant
relationship between dry matter biomass partitioning to leaves
and increasing PSS was only apparent for ‘Gina’ (Figure 10A).
Conversely, the biomass partitioning to the stem tended to
decrease with increasing PSS and was significant for ‘Gina’ only
(Figure 10C). During the 64–66 DIT measurement period, a
more obvious trend emerged as the dry biomass partitioning to
the leaves increased with increasing PSS and biomass partitioning
to the stem decreased with increasing PSS in all cultivars. Both
fresh and dry biomass partitioning to leaves increased with
increasing nighttime PSS and conversely partitioning to the stem
decreased with increasing PSS (Figures 10B,D).

A decrease in PSS can enact a shade avoidance response
characterized by increased stem elongation and leaf expansion.
Here, the alternation of PSS occurred during the nighttime
spectral shifts and also showed a shade avoidance response.
As PSS decreased, the internode length of all cultivars at
both measurement periods increased (Figure 11). Notably,
below a PSS of 0.315 (16W + 8BFR), a further increase in
internode length was not observed with the exception of the
cultivar ‘Maureno’ during the 64-66 DIT measurement period
(Figure 11B). Although the use of sole FR (16W + 8FR) further
decreased the PSS compared to blue + FR (16W + 8BFR), a
stronger shade avoidance response (in this case internode length)

was not observed. This indicates that a PSS of 0.315 is sufficient
to maximize stem elongation and no further increase in stem
elongation was observed below this value. Taken together, an
increased partitioning to the stem as the PSS decreases can
be correlated with the increase in stem elongation under these
treatments (Figures 9–11).

DISCUSSION

Impact of Dynamic Continuous Lighting
on Plant Injury and Yield
The implementation of CL during greenhouse crop production
offers an intriguing option for growers. By utilizing light during
the night period, the lower light intensity can be used during
the daytime while still achieving the desired DLI target (Hao
et al., 2018a). This translates to a reduced fixture requirement
leading to vast capital cost savings for growers. However, CL
means constant photon pressure on the plant which has been
shown to cause photoperiod injury in both peppers and tomatoes
leading to a reduction in fruit production (Hillman, 1956; Velez-
Ramirez et al., 2014; Matsuda et al., 2016; Haque et al., 2017).
Therefore, the feasibility of CL strategies hinges on whether the
production (yield and quality) is equal to or greater than the
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FIGURE 9 | Plant height (A,B) and internode length (C,D) for cv. ‘Maureno,’ ‘Gina,’ and ‘Eurix’ from experiment two measured at either 37–39 DIT (A,C) or 64–66
DIT (B,D). Values and standard errors in (A,C) represent ten plants while those in (B,D) represent six plants. Within each panel and cultivar, letter groups (A, B, C, D,
E) represent a statistical difference as determined by a one-way ANOVA with a Tukey-Kramer adjustment (p < 0.05).

conventional 16 h photoperiod lighting (control, 16W in this
study). Due to their unique attributes, LEDs allow for the use
of a dynamic CL strategy which employs a reduction in light
intensity and/or change in spectral composition between day
and night periods, which has been shown to eliminate or reduce
injury in lettuce (Ohtake et al., 2018), tomato (Matsuda et al.,
2016; Lanoue et al., 2019; Pham and Chun, 2020), and cucumber
(Lanoue et al., 2021b). In this study with peppers, we showed
that plants grown under two dynamic CL strategies (16W + 8B
and 16W + 8BFR) were able to avert injury and maintain fruit
yield and size (grade) when compared to the 16h control (16W;
Figures 3, 5, 7). Both 16W + 8B and 16W + 8BFR employed
a daytime PAR reduction of 18.2% while 16W + 8BFR also
included a 25% reduction in daytime FR used; a total reduction of
18.9% in the extended PAR (ePAR; 400–780 nm) region (Table 1).
In addition to the reduction in light fixture costs, electricity
costs could also be reduced using the CL strategies because the
electricity price is usually higher during the peak daytime than
during the off-peak period at night in many regions in the world.
Notably, both 16W + 8B and 16W + 8BFR which used dynamic
CL performed better than 24W which maintained constant light
intensity and spectrum during the 24h period (Figures 3G,
5). This indicates that the dynamic nature of the CL used in
this study is essential for removing injury and sustaining fruit
production in greenhouse pepper.

In contrast to our current study, the use of monochromatic
blue light at 100 µmol m−2 s−1 (Velez-Ramirez et al., 2017)
or 150 µmol m−2 s−1 (Matsuda et al., 2016) during the night
produced a high degree of injury in tomatoes. However, our
previous studies on tomato (Lanoue et al., 2019) and cucumber
(Lanoue et al., 2021b) differ from this trend and indicate that
the use of low intensity monochromatic blue light (50 µmol
m−2 s−1) during the night was able to avert injury. In this
study, nighttime blue light was considerably higher than the
light compensation point (Table 2), and between that used
in Velez-Ramirez et al. (2017) and Lanoue et al. (2019), and
drove appreciable amounts of photosynthesis in 16W + 8B and
16W + 8BFR during the night (Figure 3B) without causing
injury (Figures 4, 5). It should be noted that although 24W
used a constant light intensity and spectrum that drove high
rates of photosynthesis during the night and injury was observed,
it was less than what was reported in other studies with other
species (Hillman, 1956; Velez-Ramirez et al., 2014; Matsuda et al.,
2016). This indicates that peppers may be less susceptible to
long photoperiod injury than other species as previously noted
by Demers and Gosselin (1999, 2002).

It is well known that light and temperature interaction
has an effect on photosynthesis and yield; in general, an
increase in light intensity requires an increase in temperature
to maintain an optimum homeostatic balance and drive
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TABLE 3 | Leaf area, leaf number, specific leaf area, and SPAD value of ‘Maureno,’ ‘Gina,’ and ‘Eurix’ during the 37–39 DIT and 64–66 DIT measurement periods under
different light treatments.

Cultivar Treatment Leaf Area (cm2) Leaf number Specific Leaf Area (m2 kg−1) SPAD value

37–39 DIT

Maureno 16W 2448 ± 106A 33.8 ± 1.7A 30.8 ± 0.9B 47.9 ± 1.1A

24W 2513 ± 121A 32.4 ± 1.1A 40.0 ± 0.9A 46.4 ± 1.0AB

16W + 8B 2648 ± 63A 32.9 ± 1.5A 38.4 ± 1.8A 43.8 ± 0.9BC

16W + 8BFR 2361 ± 141A 28.8 ± 1.8A 40.7 ± 0.4A 45.3 ± 0.8ABC

16W + 8FR 2430 ± 100A 30.7 ± 1.1A 41.6 ± 0.4A 41.8 ± 0.7C

Gina 16W 2567 ± 144AB 35.2 ± 2.5A 32.3 ± 1.0B 47.8 ± 1.5A

24W 2953 ± 138A 31.8 ± 2.1AB 40.3 ± 1.0A 43.1 ± 0.4AB

16W + 8B 2852 ± 117A 31.4 ± 1.6AB 41.2 ± 1.9A 41.1 ± 1.7B

16W + 8BFR 2526 ± 136AB 27.3 ± 0.7B 39.5 ± 0.6A 43.2 ± 0.4AB

16W + 8FR 2322 ± 88B 27.1 ± 1.2B 41.1 ± 0.8A 42.4 ± 0.7B

Eurix 16W 2568 ± 173A 35.0 ± 2.3A 32.4 ± 0.9C 44.0 ± 0.6A

24W 2420 ± 132A 32.1 ± 1.1AB 38.3 ± 1.0ABC 44.0 ± 0.7A

16W + 8B 2709 ± 126A 36.6 ± 2.7A 37.6 ± 2.5BC 41.7 ± 0.7AB

16W + 8BFR 2451 ± 119A 28.0 ± 1.1B 44.0 ± 0.6AB 41.8 ± 0.8AB

16W + 8FR 2574 ± 78A 31.7 ± 1.1AB 44.9 ± 1.0A 39.4 ± 0.7B

64–66 DIT

Maureno 16W 4523 ± 63C 55.3 ± 1.6A 21.1 ± 0.6D 61.4 ± 1.2A

24W 5535 ± 217B 51.8 ± 1.0AB 25.5 ± 0.7C 57.6 ± 1.4AB

16W + 8B 6776 ± 254A 55.8 ± 1.6A 30.2 ± 0.8AB 55.4 ± 1.6B

16W + 8BFR 6003 ± 96B 50.7 ± 1.0AB 28.9 ± 0.3B 59.4 ± 0.9AB

16W + 8FR 6169 ± 117AB 49.7 ± 0.6B 31.7 ± 0.7A 54.9 ± 0.4B

Gina 16W 5229 ± 113D 52.0 ± 1.3A 23.2 ± 0.4D 61.7 ± 2.5A

24W 5847 ± 298CD 52.5 ± 2.2A 27.1 ± 0.9C 56.1 ± 0.7AB

16W + 8B 7399 ± 294A 51.2 ± 2.0AB 33.2 ± 0.8AB 51.1 ± 0.9BC

16W + 8BFR 7079 ± 147AB 48.3 ± 0.9B 32.2 ± 0.9B 54.7 ± 0.7BC

16W + 8FR 6433 ± 107BC 48.7 ± 1.0B 36.5 ± 0.4A 49.7 ± 0.7C

Eurix 16W 4908 ± 123C 58.5 ± 2.4A 21.1 ± 0.4C 53.4 ± 1.5A

24W 5888 ± 196B 51.3 ± 1.8AB 26.5 ± 0.7B 47.9 ± 2.2AB

16W + 8B 6826 ± 114A 54.8 ± 1.2AB 29.9 ± 0.6A 51.4 ± 1.1AB

16W + 8BFR 5938 ± 164B 49.7 ± 1.0B 30.8 ± 0.5A 47.7 ± 1.0AB

16W + 8FR 6888 ± 158A 54.8 ± 1.4AB 31.8 ± 0.3A 46.2 ± 0.7B

Values and standard errors represent 10 plants during the 37–39 DIT measurement period and six plants during the 64–66 DIT measurement period. Within each
parameter, cultivar, and measurement period, letter groups (A, B, C, D) represent a statistical difference as determined by a one-way ANOVA with a Tukey-Kramer
adjustment (p < 0.05).

assimilation (Walters and Lopez, 2021; Song et al., 2022). In our
study, nighttime temperatures were not optimized for all four
CL treatments, specifically the 24W which had the highest
nighttime light intensity. This was because there is a lack of
information on optimum temperature management for dynamic
CL treatments, and all light treatments were in the same
greenhouse and temperature could not be individually adjusted
within each treatment. However, the greater SLA in all four CL
treatments than 16W (control; Table 3) is an indication of the air
temperature may be too high for the CL treatments. The plant
temperature, especially at the top canopy, might be higher for
plants grown under CL because of the continuous exposure to
light, when at the same air temperature. Therefore, the optimum
air temperature for CL treatments may be lower. Haque et al.
(2015, 2017) observed that tomato plants grown under CL with
a reduced nighttime temperature (16◦C vs. 23◦C in the control)
had little to no leaf injury under continuous illumination.

Hao et al. (2018b, 2020) discovered the response of greenhouse
tomatoes, peppers, and cucumbers to long photoperiods of
HPS lighting is improved by a temperature drop during the
first 3 h after the lighting is off and the temperature control
strategy reduced heating energy demand. Leaf injury in tomatoes
and peppers is reduced by the temperature drop (Hao et al.,
2018b). Therefore, further research is needed to investigate the
interaction between temperature control and dynamic CL to
determine the optimum air temperature and temperature control
strategy for dynamic CL lighting.

The Impact of Nighttime Spectra on
Plant Growth
Although the DLI was not controlled for, Demers et al. (1998)
observed a significant reduction in plant height, internode length,
and leaf area in peppers grown under supplemental HPS light
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FIGURE 10 | Regression analysis of biomass partition to leaf (A,B) and stem (C,D) in dry weight from ‘Maureno’ (circle; solid line), ‘Gina’ (downward triangle; long
dash line), and ‘Eurix’ (square; short dash line) during the 37–39 DIT measurements (A,C) and 64–66 DIT measurements (B,D). Nighttime PSS of 0.833,
0.566,0.315, and 0.186 correspond to treatments 24W, 16W + 8B, 16W + 8BFR, and 16W + 8FR respectively as determined via Sager et al. (1988). Regression
analysis was done using a backward elimination method. The p-values listed are for the final regressions and only regressions which were determined to be
significant (p < 0.05) are shown. The 16W treatment did not have light at night and thus was non-resultant during the PSS calculation, therefore, it was left out of the
regression analysis. The biomass partition values for 16W are plotted in the graph at a PSS value of zero.

for 24 h compared to 14 h. Velez-Ramirez et al. (2014) also
noted that even if tomatoes were genetically altered to eliminate
the occurrence of CL injury, a reduction in leaf area would
hinder plant performance in a practical setting due to reduced
light capture. However, the use of sole blue light, such as the
application of blue light during the night, has been shown to
elicit a response similar to the shade avoidance response of
FR (Hernández and Kubota, 2016; Lanoue et al., 2019; Kong
and Zheng, 2020). In experiment two, plant height was seen to
be greater when plants were grown under 16W + 8B which
contained sole blue light during the night period compared to the
16 h control (Figure 9). It was also noted that this phenomenon
was time-dependent as the difference in plant height increased
after the treatments were applied for a longer time (Figure 9B).
This confirms the studies in tomato and Arabidopsis which
indicate sole blue light is able to increase plant height (Hernández
and Kubota, 2016; Lanoue et al., 2019; Kong and Zheng, 2020).
The increase in plant height coupled with an increase in leaf area

and specific leaf area indicate that sole illumination with blue
light during the night can induce a shade avoidance response
(Table 3). Not only does this have an impact on plant architecture,
but can also allow the plant to better capture light during the
daytime period (Hersch et al., 2014).

Far-red light has long been known to elicit a strong
photomorphogenic response in plants (Franklin and Whitelam,
2005). Here, we observed that the use of sole FR during the night
period resulted in the largest stem elongation of all treatments
in peppers (Figure 9). Interestingly, it was determined that the
movement of just 25% of the total FR DLI from the daytime
(16W) to the nighttime (16W + 8BFR and 16W + 8FR) at
only 10–11 µmol m−2 s−1 was able to produce a significantly
stronger photomorphogenic response than the use of FR during
the daytime only. Indeed, this time-specific use of FR light
led to an increase in internode length of 37.6–53.5% during
the first destructive measurement and 55.6–75.8% during the
second destructive measurement, depending on cultivars. All
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FIGURE 11 | Regression analysis of internode length from ‘Maureno’ (circle; solid line), ‘Gina’ (downward triangle; long dash line), and ‘Eurix’ (square; short dash
line) during the 37–39 DIT measurements (A) and 64–66 DIT measurements (B). Nighttime PSS of 0.833, 0.566, 0.315, and 0.186 correspond to treatments 24W,
16W + 8B, 16W + 8BFR, and 16W + 8FR respectively as determined via Sager et al. (1988). Regression analysis was done using a backward elimination method.
The p-values listed are for the final regressions and only regressions which were determined to be significant (p < 0.05) are shown. The 16W treatment did not have
light at the night and thus was non-resultant during the PSS calculation. Therefore, it was left out of the regression analysis. The internode lengths for 16W are
plotted in the graph at a PSS value of zero.

treatments within experiment two utilized a similar total FR DLI
of approximately 1.09 mol m−2 d−1 (Table 1).

During the initial destructive measurements, dry matter
partitioning to the leaves was observed to increase with
decreasing PSS only in the ‘Gina’ cultivar. However, during
the subsequent destructive measurements, all plants showed
increasing biomass partitioning to the leaves when PSS was
decreased. This result is opposite to what was observed in lettuce
plants grown with or with sole-source FR (Zou et al., 2021).
Species-specific responses to FR could arise due to the differences
in plant architecture. Whereas lettuce is a relatively small plant
that mainly grows low to the ground and has little internode
length, peppers are a vine-type crop grown vertically during
production. Therefore, it is likely that FR light is able to penetrate
deeper into the pepper crop causing the effect. Further to this, the
peppers in our study were under the different treatments for more
than 2 months, much longer than the lettuce in Zou et al. (2021)
and thus, a time-dependent FR response was also observed which
may account for the differences observed.

In this study, there was a significant reduction in PSS
during the nighttime from 24W (PSS = 0.833) to 16W + 8FR
(PSS = 0.135) allowing for the evaluation of the impact of
nighttime FR and PSS on internode length and stem elongation.
It was determined that the time-of-use, in this case with or
without PAR (daytime or nighttime), can drastically impact the
strength of photomorphogenic response as also noted in lettuce
(Zou et al., 2021). The use of nighttime FR can have a much
larger impact on plant morphology than utilization with broad-
spectrum light (i.e., during the daytime) as internode length
was seen to increase with decreasing PSS (Figure 11). A similar

internode lengthening was also observed when PSS was decreased
in lisianthus when grown using a 5-h night interruption (Yamada
et al., 2011), although the study used fluence rates of only 3 µmol
m−2 s−1. The plants in our study had a stronger morphological
response to the use of nighttime FR than has been previously
reported with the use of EOD-FR (Kalaitzoglou et al., 2019). In
Kalaitzoglou et al. (2019), the PSS of the EOD-FR was 0.1 which
was similar to our lowest nighttime PSS of 0.135 (16W + 8FR)
but much higher than the PSS of 0.315 (16W+ 8BFR). However,
we saw a much more dramatic increase in internode length than
previously reported (Kalaitzoglou et al., 2019) and also at a higher
PSS (0.315). This indicates that the response to FR light is also
dependent on the length of use and not simply a dose-response.
It should also be noted that Kalaitzoglou et al. (2019) used tomato
as their model whereas our study looked at pepper. This, along
with the results from Zou et al. (2019, 2021) indicates that species,
and potentially even cultivars within a species, react differently to
nighttime FR light. Furthermore, the increase in plant height also
corresponded to an increase in biomass partitioning to the stem
(Figures 10C,D) which is supportive of previous works (Brown
et al., 1995; Ji et al., 2019, 2020).

It is also noteworthy that similar to 16W + 8BFR, the 24W
treatment included a movement of 25% of FR from the day to
the night (Table 1). However, an increase in plant height was
not observed when compared to 16W with the exception of
‘Maureno’ during the 64–66 DIT measurements (Figure 8B). The
24W and 16W+ 8BFR treatments contained the same amount of
FR light during the night, however, an increase in stem elongation
was only observed in the latter. The notable difference between
the two nighttime light treatments is the PAR intensity and
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spectrum, as well as PSS. The 24W treatment has approximately
doubled the PAR intensity compared to 16W + 8BFR, has a
broad-spectrum light as opposed to only blue light, and has a
drastically higher PSS value. A lower red:far-red, correlated with
a lower PSS, will invoke a shade avoidance response resulting
in the greater stem elongation and leaf expansion observed in
16W + 8BFR compared to 24W (Franklin and Whitelam, 2005).
Furthermore, the response to FR is dampened even if PSS is
controlled for when used in a higher light intensity environment
(Kalaitzoglou et al., 2019). These two factors are likely responsible
for the different responses to FR during the night between
24W and 16W + 8BFR. However, the lack of further increase
in internode length from 16W + 8BFR (PSS = 0.315) to
16W+ 8FR (PSS = 0.135) indicates that there may be a threshold
(PSS = 0.315) at which a further reduction in PSS does not
increase internode length. A PSS value of 0.315 is comparable
to the PSS threshold (PSS = 0.23) determined for arugula and
mustard microgreens beyond which no further stem elongation
was observed (Ying et al., 2020). Therefore, with respect to plant
height and internode length, FR during the night had a larger
impact on the morphological outcome as plants subjected to
16W + 8BFR tended to have values more closely to 16W + 8FR
(Figure 9). On the other hand, plants under 16W + 8BFR had a
total leaf area closer to that of 16W + 8B plants indicating blue
at night supported leaf expansion (Table 3). This indicates that
the two shade avoidance processes may be controlled by different
mechanisms which can be preferentially controlled by blue or
FR independently.

Implication on Greenhouse Pepper
Production
Short internode lengths during lit pepper production have been
well documented and can have negative implications during plant
maintenance and fruit harvest. The use of extended (8 h) periods
of FR light during the night resulted in an improved canopy
architecture with increased internode length, preventing fruit
stacking, and could reduce labor costs for plant maintenance
(Figure 11). The addition of FR in 16W+ 8BFR and 16W+ 8FR
during the night created a more “open” canopy. This allows
workers a better view of the plant material allowing for quicker
and more precise determination of offshoot and suckers and
faster removal of offshoot/sucker by hand, reducing the labor
time for routine maintenance. The stem elongation observed with
the use of nighttime FR also creates a larger distance between
nodes. During fruit growth, this provides more room for the
fruit to grow unimpeded. As opposed to the 2.9 cm internodes
observed by Demers et al. (1998), the use of FR at night extended
internode length close to 8 cm providing ample room for normal
pepper fruit growth.

Light pollution from greenhouses has been seen as a
nuisance to neighboring municipalities including residents and
businesses. Recently, bylaws have been enacted in Ontario,
Canada, and Netherlands mandating the use of light abatement
curtains to prevent light emissions from the greenhouses
during the night (Hanifin, 2019). Light abatement curtains not
only block light but also block 50–70% of heat loss from a

greenhouse (Svensson, 2020), leading to overheating and high-
temperature stress to crops due to the buildup of heat from
lighting application, especially in greenhouse fruit vegetable
production. For greenhouse tomato, pepper, and cucumber
production, conventional lighting strategies usually use about
200–250 µmol m−2 s−1 light for 16 h (such as 1:00 to
17:00 or 0:00 to 16:00, Hao et al., 2018a). To prevent crop
damage caused by high temperature, the curtains need to
be partially opened (so-called “gapping”) to ventilate out the
heat when the outside temperature is not cold enough to
bring down the greenhouse temperature. This is not feasible
with the bylaw in Netherlands. The bylaw mandates the
blocking of 98% of light during the night if the light intensity
is > 15,000 lux (about 183 µmol m−2 s−1 for HPS, Ashdown,
2020). The use of low intensity of lighting in together with
LEDs can eliminate this issue, allowing the curtains to be
fully closed to prevent light emission from the greenhouse
during the night.

It has been demonstrated that dynamic CL (i.e., 16W + 8B
and 16W + 8BFR) did not harm the plants and led to a
similar yield when compared to the control (16W). Notably,
16W + 8BFR did produce a much more open canopy which
has positive labor benefits as mentioned above. While smart
LEDs with the capability to control both spectrum and intensity
are generally more complex leading to higher initial cost per
light fixture than the LED fixture with fixed intensity and
spectral composition at present time, dynamic low-intensity
CL can help to reduce initial capital costs. In this study,
16W + 8BFR can reduce the intensity or installed capacity of
light fixtures by 19% (Table 1). A dynamic CL using a smart
24 h LED system can reduce light intensity/fixture capacity
by a third and is more cost-effective than a conventional
16 h LED system in mini-cucumber production based on
the cost of electricity per unit of produce, in Ontario
(Lanoue et al., 2021b). The benefit of the reduction in light
intensity/fixture requirement with the dynamic low-intensity
CL will not change regardless of the electrical prices during
the day/night. Other studies that used fixed light spectral
composition and dynamic light intensity control in response
to sunlight intensity fluctuations have shown that electricity
consumption can be reduced by 10–30% in comparison to
a traditional on-off regime (Pinho et al., 2013; van Iersel
and Gianino, 2017). The smart LED fixtures used for the
implementation of dynamic CL in this study can control
both light intensity and spectral compositions. Therefore, there
is a good potential in future research and development to
combine the sunlight-based intensity control strategy with the
dynamic CL strategy for reducing both light fixture cost and
electricity consumption.

CONCLUSION

In conclusion, experiment 1 provided data that indicates that
pepper plants can be grown under CL lighting without the leaf
injury associated with a continuous photoperiod. Moreover, it
was determined that in order to have injury-free production,
a dynamic CL lighting strategy was needed. The application
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of either blue and/or FR light at night reduced PSS which
led to a shade avoidance response and increase in internode
length, and the response to the application of far-red during
the night was much stronger than the application during the
daytime. Moreover, when blue and FR were combined at night,
the response was not additive but similar to 16W + 8FR. This
indicates a potential threshold of PSS (0.315) beyond which no
further stem elongation is enabled. In 16W + 8BFR, the use of
blue light was able to drive photosynthesis during the night and
blue + FR at night was able to evoke positive morphological
responses reducing fruit stacking. Taken together, 16W + 8BFR,
a treatment that provided white light during the day followed
by both blue and FR during the night, is potentially the best
CL for pepper production in this study, because it has the
largest potential to reduce capital fixture cost, and daytime light
intensity and electricity cost. Furthermore, its yield and fruit
grade/quality were similar to 16W while also addressing the
short internode issue in pepper production with supplemental
lighting. While 16W+ 8BFR did not improve the yield compared
to 16W, it improved the canopy architecture making routine
plant maintenance easier and faster, potentially reducing labor
costs for producers.
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Impact of low light intensity on
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mapping population
Muhammad Naveed1,2*, Urmil Bansal2,3,4 and Brent N. Kaiser1,2,3
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Environmental Sciences, The University of Sydney, NSW, Australia, 3Sydney Institute of Agriculture,
The University of Sydney, NSW, Australia, 4Plant Breeding Institute, Cobbitty, The University of Sydney,
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With recent climatic changes, the reduced access to solar radiation has become an

emerging threat to chickpeas’ drought tolerance capacity under rainfed

conditions. This study was conducted to assess, and understand the effects of

reduced light intensity and quality on plant morphology, root development, and

identifying resistant sources from a Sonali/PBA Slasher mapping population. We

evaluated 180 genotypes, including recombinant inbred lines (RILs), parents, and

commercial checks, using a split-block design with natural and low light

treatments. Low light conditions, created by covering one of the two benches

inside two growth chambers with a mosquito net, reduced natural light availability

by approximately 70%. Light measurements encompassed photosynthetic photon

flux density, as well as red, and far-red light readings taken at various stages of the

experiment. The data, collected from plumule emergence to anthesis initiation,

encompassed various indices relevant to root, shoot, and carbon gain (biomass).

Statistical analysis examined variance, treatment effects, heritability, correlations,

and principal components (PCs). Results demonstrated significant reductions in

root biomass, shoot biomass, root/shoot ratio, and plant total dry biomass under

suboptimal light conditions by 52.8%, 28.2%, 36.3%, and 38.4%, respectively. Plants

also exhibited delayed progress, taking 9.2% longer to produce their first floral

buds, and 19.2% longer to commence anthesis, accompanied by a 33.4% increase

in internodal lengths. A significant genotype-by-environment interaction

highlighted differing genotypic responses, particularly in traits with high

heritability (> 77.0%), such as days to anthesis, days to first floral bud, plant

height, and nodes per plant. These traits showed significant associations with

drought tolerance indicators, like root, shoot, and plant total dry biomass. Genetic

diversity, as depicted in a genotype-by-trait biplot, revealed contributions to PC1

and PC2 coefficients, allowing discrimination of low-light-tolerant RILs, such as

1_52, 1_73, 1_64, 1_245, 1_103, 1_248, and 1_269, with valuable variations in traits

of interest. These RILs could be used to breed desirable chickpea cultivars for

sustainable production under water-limited conditions. This study concludes that

low light stress disrupts the balance between root and shootmorphology, diverting
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photosynthates to vegetative structures at the expense of root development. Our

findings contribute to a better understanding of biomass partitioning under

limited-light conditions, and inform breeding strategies for improved drought

tolerance in chickpeas.
KEYWORDS

abiotic stress, biomass partitioning, chickpea, genetic diversity, low light, mapping
population, phenological plasticity
1 Introduction

Chickpea (Cicer arietinum L.), a source of vegan protein, is

extensively farmed between 20° to 40° latitudes in more than 50

countries, worldwide (Abbo et al., 2003; FAOSTAT, 2021). It is a

long day plant, and grows well under certain light conditions, such

as 16 h day length with red and blue light wavelengths, ranged 610-

700 nm and 425-490 nm, respectively (Soltani et al., 2004; Pettai

et al., 2005). However, a slight deviation in their levels may lead to

modifications in central processes related to biochemistry, cell

division, morphology, phenology, physiology, and so on (Fan

et al., 2018; Yang et al., 2018). For example, reduction of

photoperiod to 11-12 h delays flowering in chickpea by 120 to

150 days, whereas, variation in light quality and intensity, promotes

competition for carbon gain among different plant parts (Woźny

and Jerzy, 2007; Poudel et al., 2008; Yu et al., 2017).

Among abiotic stresses, light or solar radiation is the leading

factor that regulates plant growth and expansion under any

environment (Shafiq et al., 2021). Three components of light i.e.

quality, intensity, and photoperiod, largely determine a plants’

photosynthetic capacity, establishment, and yielding ability

(Khalid et al., 2019). Chickpea, being a rainfed crop, has major

cultivation under subtropical and Mediterranean zones (Chen et al.,

2017). Drought and heat are the characteristic features of these

climates, and have long been considered as major yield constraining

factors. Suboptimal light intensity and quality, caused by various

climatic events (prolonged cloud cover, foggy weather etc.), and

cultural practices, is now becoming an emerging challenge to

sustainable chickpea production under these environments (Jha

et al., 2014; Naveed, 2022). Because, this triggers unbalanced

partitioning between root and shoot morphology due to variation

in interception of photosynthetic photon flux density (PPFD), and

underlying processes regulating plant growth and expansion (Park

and Runkle, 2017). As in the study by Gao et al. (2017) on maize,

they observed that plants reallocate a greater proportion of

photosynthetic resources to above-ground organs, reducing the

root-to-shoot ratio. This shift led to abnormal plant structure and

increased lodging. More precisely, the elongation of petioles and

stems leads to a decrease in leaf size and thickness, along with an

increase in internode length, ultimately resulting in reduced stem

thickness, weakened structural integrity, and diminished shoot
0242
biomass (Okoli and Wilson, 1986; Su et al., 2014; Liu et al., 2018).

Likewise, low light effects on root biomass are also extreme. Lake

and Sadras (2014) in an experiment on chickpea, and Sparkes et al.

(2008) on wheat, reported more than two fold decrease in root-

length density, diameter, absorption area, and root biomass under

low light compared to control treatment. This reduced root growth

could constrain a plants ability to extract water deeper from the soil

layers (Kashiwagi et al., 2015; Gao et al., 2017). We lack information

on these aspects in chickpeas, as the available literature

predominantly covers soybean and other crops. Total plant

biomass, particularly the biomass of roots and shoots, is a crucial

adaptive strategy in water-limited conditions. This may be a

potential factor contributing to low productivity under

suboptimal light in rainfed agricultural systems (Green-Tracewicz

et al., 2011; Liu et al., 2018).

Breeding for low light tolerance is the most effective strategy for

mitigating these yield losses (Rai et al., 2021). This approach can lead

to the development of light-insensitive genotypes capable of

maintaining their natural traits even in challenging environments

through enhanced light interception, and photosynthetic ability.

Mapping populations provide a valuable toolbox that integrates

genomics with breeding, and related disciplines to identify desirable

recombinants (Aryamanesh et al., 2010; Scott et al., 2020). To exploit

all these, we need comprehensive knowledge of chickpea plant

responses, traits variability, and underlying genetic mechanisms

controlling targeted indices under these environments (Tardieu and

Tuberosa, 2010; Choudhary et al., 2018; Ao et al., 2019).

Contrastingly, in prior field trials, we observed variations in

chickpea yield and the responses of various growth parameters

across years, driven by distinct climatic conditions and varying

levels of solar radiation (Kaloki, 2017). Higher yields of 46% to

54% were recorded during mostly sunny growing seasons, while

overcast conditions resulted in taller plants (7 cm to 10 cm) with an

overall lower yield (Naveed, 2022). This behavior could be due to the

onset of the shade avoidance mechanism, which has more significant

effects on crop root architecture and biomass accumulation of

cultivars (Franklin, 2008; Green-Tracewicz et al., 2011). These

adjustments might compromise chickpeas’ ability to tolerate water-

deficit conditions. This study aimed to achieve the stated goals using a

Sonali/PBA Slasher mapping population under controlled

environmental conditions.
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2 Materials and methods

2.1 Plant material and experimental design

This study was conducted in 2020 at the Plant Breeding

Institute of the University of Sydney, Narrabri campus, NSW,

Australia. The plant material comprised 180 test entries and

included 176 RILs, which were developed using two drought

tolerant commercial lines, Sonali as a female while PBA Slasher as

a male parent (Kaloki, 2017). In addition, two high yielding and

disease resistant commercial cultivars, PBA Seamer and PBA

Striker, were used as standard checks (Vance et al., 2021). This

mapping population has a range of variation for some of the plant

traits such as architecture, cropping period, and plant biomass

useful for conferring drought tolerance in chickpea (Ramamoorthy

et al., 2016; Maqbool et al., 2017; Ramamoorthy et al., 2017). Details

of entries along with characteristic features are given in

Supplementary Table 1. All these lines were evaluated under two

light treatments in a fully replicated trial, being laid out inside two

growth chambers of a glasshouse. The experimental pots were

placed side-by-side on two parallel benches, facing north and

south, and separated by an entryway. Northern bench comprised

natural light (NL), while southern consisted of low light (LL)

treatment. The design used was split-block with four replications,

and included 1440 pots. These were randomized in twenty rows by

36 columns, with each replicate block of 180 genotypes comprising

ten rows by 18 columns, using DiGGer package of R software

(Coombes, 2009). Two replicates were placed in each growth

chamber under each treatment, with every pot assigned a unique

identification number. This process was completed with utmost

care to avoid any type of error.

For potting purpose, soil (rich in clay) and sand were mixed

together in a 3:1 ratio, respectively, to fill the pots with 9×9×20 cm

diameter. All the pots were watered until dripping to ensure the soil

had enough moisture contents on the day of sowing. Two seeds, 3

cm deep and 5 cm apart, were sown per pot. Seeds, which

germinated and cracked through the soil surface first, were

retained in each pot while others, once emerged, were pulled out

with caution immediately. All the plants in both treatments were

fertilized (N 6.1%, P 12%, K 22.5%, S 2.2%, Zn 0.55%) with Cotton

Sustain (Incitec Pivot Fertilisers, Australia) 10 days after sowing at a

rate of 0.3 g per pot. On the same day, the plants were inoculated

with a peat-based inoculant of Rhizobia (Nodule N, New Edge

Microbials, Albury, Australia) to establish root symbiosis, and

promote root nodulation. This was achieved by diluting 20 g of

inoculum in 5 L of water, and distributing it to all 1440 pots

uniformly. Further, a dose of liquid fertilizer (Thrive, Yates

Australia, Padstow, Australia) enriched with NPK (25:5:8.8) and

micronutrients (S 4.6, Mg 0.5, Fe 0.18, B 0.005, Cu 0.005, Zn 0.004,

Mo 0.001) was applied 24 days after sowing to overcome any

micronutrient deficiencies. All the plants were watered regularly

to avoid water stress, and were staked upright when the shoot

started bending or falling. Reverse cycle air conditioning was used

to maintain daily day/night temperatures of both the growth

chambers at 24 ± 2/16 ± 2°C, respectively. Whereas dehumidifiers
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(Quest series) were used to control humidity, which was set 50% to

70% to avoid mold or any other fungal disease incidence.
2.2 Treatments

Two light treatments i.e. natural light (NL) and reduced/low

light (LL), were used to raise plants from seed sowing up to anthesis

stage. Plants were harvested once anthesis commenced. The LL

treatment was created using a mosquito net (1.2 mm mesh),

covering the top and sides of one bench in each growth chamber.

Seeds in both the treatments and growth chambers were sown once

the benches allocated for LL treatment were covered with mosquito

nets. Readings on light parameters were made starting at 11 am,

which indicated a reduction of ~70% light in LL compared to NL

treatment (Supplementary Table 2).
2.3 Measurement of available light

Readings on photosynthetic photon flux density (PPFD), red

(R), and far-red (FR) light received by plants in both glasshouse

chambers were done at five different experimental stages, and

commenced at 11 am. At each stage, six measurements were

performed on the same genotypes, comprising both parents,

Sonali and PBA Slasher, two commercial cultivars, PBA Seamer

and PBA Striker, and two RILs, 1_17 and 1_50, representing

different positions in each replication of a treatment. First

measurement was done a day before seed sowing, whereas the

second was taken a week after seed sowing, followed by at 3, 4-leaf,

and anthesis stages. PPFD measurements were carried out using

AP4 Porometer (Delta-T Devices Ltd, Cambridge, UK) by holding

the light sensor about 10 cm above the canopy. Whereas R and FR

light measurements were performed using LightScout red/far red

meter (Spectrum Technologies, Inc., Aurora, IL, USA). Red and far-

red light measurements were assessed right after estimating PPFD

by placing the sensor at the same spot as the PPFD sensor, and

writing down the values, immediately.
2.4 Measurement of photosynthetic rate
of parents

Because of the small window, it was not feasible to measure the

photosynthesis of 180 genotypes in four replicates and two

treatments. Therefore, it was assessed only for parents, Sonali and

PBA Slasher. Measurements were done at three-growth stages viz.,

3-leaf stage, 4-leaf stage, and at anthesis using a portable CIRAS-3

machine (PP Systems, Amesbury, MA, USA). This photosynthesis

system has a leaf cuvette of 4.5 cm2, and can set light closest to the

approximation of sunlight (38% red, 37% green, and 25% blue)

using light-emitting diodes. The flow rate set was 400 cc min-1, and

the reference CO2 at 400 mmol mol-1. These measurements were

performed between 9:00 am and 4:00 pm by selecting fully

developed youngest leaves. At each selected stage, all
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photosynthetic measurements were done four times apiece on both

the parents at growing PPFD, starting from zero to 1500 mmol m-2

s-1. PPFD increased by 100-mmol m-2 s-1 every time for 16 levels.

The actual values of photosynthetic rate were adjusted to the real

chickpea leaf area, which was estimated using ImageJ software.
2.5 Phenotyping

Following traits were measured in eight (4 + 4) replicates under

NL and LL treatments as per procedure explained in Supplementary

Table 2, and used by previous researchers (Ali et al., 2010; Walia

et al., 2020; Naveed, 2022).

2.5.1 Days to emergence (DTE)
2.5.2 Days to first floral bud (DFFB)
2.5.3 Days to anthesis (DTA)
2.5.4 Plant height (PH)
2.5.5 Nodes per plant (NPP)
2.5.6 Internodal length (IL)
2.5.7 Branches per plant (BPP)
2.5.8 Shoot dry biomass per plant (SDBPP)
2.5.9 Root dry biomass per plant (RDBPP)
2.5.10 Root to shoot ratio (RSR)
2.5.11 Plant total dry biomass (PTDB)

2.6 Statistical analysis

All statistical analyses such as ANOVA, correlation, and

principal component reported herein were performed on traits

given in section 2.5 using “Genstat” computer software version

16.0 (Payne et al., 2011). Treatment effects (individual and

interactive) were estimated (P < 0.05) using function “RML linear

mixed model” and comprised genotypes (G), and treatments (T) as

fixed-terms, whereas replications within treatments, as random-

terms. For the measurements done over time, such as

photosynthesis, genotypes (G), treatments (T), and growth stages

(GS) were used as fixed-terms, and replications within treatments as

random-terms. We preferred Wald test (also known as Wald Chi-

Squared test) over others because it is based on parametric statistical

measures, and provide information, collectively, on the significance

of a set of independent variables in a model. It is simple, quicker,

and can add or remove the parameters for certain explanatory

variables depending upon their contribution in the model (Arango-

Botero et al., 2023). Heritability in broad-sense (H2
B.S.) was also

worked out for all the traits using formula given by Nyquist and

Baker (1991). H2 was considered as high (> 60%), moderate (30-

60%), and low (< 30%), as per Johnson et al. (1955). Correlation

coefficients among various indices such as DTE, DTFFB, DTA, PH,

IL, NPP, BPP, SDBPP, RDBPP, RSR, and PTDB, in NL and LL

conditions were computed following Pearson’s technique. Principal

component analysis was also done on the same parameters using

the multivariate analysis function of Genstat software. Principal

components with > 1 eigenvalues were tabulated, and used to

construct biplot using the same software. The curves were fitted

on photosynthetic rate over time against growing PPFD (detail
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given in section 2.4) captured at selected three growth stages under

NL and LL treatments, using nonlinear polynomial regression

function of software GraphPad prism version 7.0 (GraphPad

Software incorporation, USA) (Schneider et al., 2012).
3 Results

In the present study, changes in optimum light intensity,

critically impacted rate of photosynthesis, and carbon gain of

genotypes. This created a competition among different plant

organs to intercept maximum light, resulting in, modified shoot

and root structures. Specifically, plant biomass was reduced, and

this reduction was greater for roots compared to shoots. In addition,

shoots become thinner, longer, and prone to breakage. Still, few

entries in this mapping population performed better, and exhibited

phenotypic plasticity across environments. Greater heritability

values for some of the desired traits, PTDB, RDBPP, and SDBPP

suggested their potential utilization, and scope of improvement in

breeding programs. Detailed results are presented in the

following subsections.
3.1 Analysis of variance for recorded traits

The variance analysis revealed significant differences between

both light treatments. Low light resulted in 72% reduction in PPFD,

implying that only 28% ambient light was available to plants to

carry various gas exchange processes. Similarly, the optimum light

quality for normal plant growth in the form of red, far-red, and their

ratios was deteriorated by 71%, 71% and 2%, respectively

(Supplementary Table 3). Two factor ANOVA for G, T and their

interaction showed significant (P < 0.001) differences for traits like

DTE, DTFFB, DTA, PH, IL, NPP, BPP, SDBPP, RDBPP, RSR and

PTDB except BPP which was non-significant even at P > 0.05

(Supplementary Table 5). Higher estimates of G than G×E

suggested larger genotype effects than environments on the

traits investigated.
3.2 Impact of light treatments on
parental photosynthesis

Effects of light treatments (T) on net photosynthetic rate of

parental genotypes (G), assessed at different growth stages (GS),

revealed significant differences between T (P < 0.001), and G×T

interaction (P < 0.05), as indicated in Supplementary Table 4.

Effects of LL on Pn or carbon gain were greater for PBA Slasher,

and reduced its net photosynthetic rate by 38.8% compared to

14.8% of Sonali. Pn for PBA Slasher was greater under NL, and for

Sonali under LL treatments (Supplementary Table 4). The fitting of

polynomial regression curves revealed 53.5% variation for this trait.

Initially, Pn was negative at zero PPFD, while it increased gradually

from growing PPFD of 100 umol m-2 s-1, and reached highest at

1500 umol m-2 s-1 under NL and LL treatments (Figure 1).
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3.3 Response of RILs and parents to varied
light conditions

Alteration in quality and quantity of light had altered the

expression of majority of the indices under both light treatments

(Table 1). Comparison of trait means of Sonali in NL vs LL revealed

a reduction in DTE, DTFFB, SDBPP, RDBPP, RSR and PTDB, and

an increase in DTA, PH, IL and NPP, with no effect recorded on

BPP under LL. For PBA Slasher, estimates of DTFFB, NPP, BPP,

SDBPP, RDBPP, and RSR were reduced, whereas, for DTE, DTA,

PH, and IL increased in LL environment. Overall, trait means for

DTE, SDBPP, RDBPP, RSR, and PTDB were greater under NL than

DTFFB, DTA, PH, IL, NPP, and BPP, which were higher under LL

treatment. The range of variation as indicated by CV% was 54.6% to

8.3% in LL, and 56.1% to 6.3% under NL conditions. It was highest

for RDBPP (54.6% vs 37.5%), PTDB (32.7% vs 28.9%), and BPP

(50.7% vs 56.1%) in LL vs NL environments, respectively, which

showed their potential use, and possibility of further improvement.
3.4 Impact of low light on plant
traits captured

It was assessed through % increase/decrease using trait means

under NL and LL treatments (Table 1). Overall, chickpea seedlings

took fewer days to emerge (-3.7%) under LL, but showed greater

reduction in RDBPP (-52.8%), PTDB (-38.4%), RSR (-36.3%), and

SDBPP (-28.2%) once harvested at anthesis stage. However, these

took more days to develop first floral buds (9.2%), and to commence

anthesis (19.2%), but with greater PH (39.9%), IL (33.4%), NPP

(4.9%), and BPP (1.7%) compared to NL treatment.
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3.5 Appraisal of heritability (H2) values for
traits investigated

The use of desirable plant traits in any breeding scheme

depends upon their heritability values. The estimates of broad-

sense heritability in this study were moderate to high, and ranged

from 36.1% to 81.2% (Table 1). For all the traits (DTA, DTFFB, PH,

NPP, TBP, SBPP, RBPP, BPP, RSR, and DTE) except IL, these were

greater than 50% suggesting that variability in respective traits were

due to genetic differences among plant material. For IL, it was

lowest with 36.1%, implying greater environmental influence.
3.6 Association among different plant traits

All the parameters recorded under NL and LL treatments

revealed positive and significant correlation coefficients with few

exceptions (Supplementary Table 6). In NL, DTE was positively

and significantly associated withDTFFB (r= 0.63) andDTA (r= 0.76).

Likewise, the association of DTA with PTDB (r= 0.88), RSR (r= 0.81),

RDBPP (r= 0.90), SDBPP (r= 0.84), BPP (r= 0.60), NPP (r= 0.93), IL

(r= 0.17), and PH (r= 0.94) was positive and significant. The

association of PTDB with RDBPP (r= 0.99) and SDBPP (r= 0.99)

was near to one because it was estimated by adding both shoot and

root biomass. The relationship of IL with DTFFB and RDBPP was

positive, whereas with NPP and RSR, it was negative, but non-

significant. Except these, the other correlation coefficients determined

among other traits like DTE, DTFFB, DTA, PH, IL, NPP, BPP,

SDBPP, RDBPP, RSR and PTDBwere positive and significant. Under

LL treatment, except for the association of IL with NPP, which was

negative and non-significant, all other correlation coefficients among
FIGURE 1

Association between photosynthesis (Pn) and photosynthetic photon flux density (PPFD) of Sonali and PBA Slasher recorded over different growth
stages under natural light (NL) and low light (LL) treatments.
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different parameters were positive, significant, and similar to those

obtained under NL conditions, therefore, not repeated here.

However, values of coefficients for most of the traits in LL

treatment were higher than the corresponding ones obtained under

NL conditions.
3.7 Principal component analysis (PCA) for
plant traits and genotypes

Prior to running PCA, we explored our data through descriptive

statistics, and correlation analysis to cognize its characteristics, and

address PCA limitations. Firstly, we identified outliers in the

residual table, removed them using the masking tool, and run the

recalculation to automatically update the output. Secondly, PCA

presume that the data is linear, and in case of non-linear, will not

detect underlying structure properly. Therefore to ensure equal

weight and influence of each of the variable, we standardized it

using Z-scores. Thirdly, sample size is very important for reliable,

and robust PCA analysis. Mostly, a small input file can lead to

misleading pattern/correlation between variables due to sampling

error (Shaukat et al., 2016). Whereas, this probability will vanish

with increasing sample size (Björklund, 2019). Generally, it is

recommended that data set should have at least 150 samples

(Sofroniou and Hutcheson, 1999) or larger than five times the

number of variables for valid results (Hatcher, 1994). Our data set

comprising 1440 cases, completely fulfilled this requirement.

Fourthly, to validate results, reliability and robustness is crucial in

PCA, and to check it, we permuted one variable at a time, and kept

the others as fixed i.e. independently, and sequentially (Linting

et al., 2011; Storm, 2012).
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Afterwards, the PCA performed across both light treatments,

collectively, explained 87.4% (PC1 = 58.9% & PC2 = 28.6%) of the

total variation observed in Sonali/PBA Slasher RILs population

(Supplementary Table 7). Except IL, all other parameters (NPP,

DTFFB, PTDB, SDBPP, RDBPP, BPP, DTA, DTE, RSR, and PH)

shared positive scores on PC1, ranging from 35% to 20%,

respectively. In contrast, PC2 was largely influenced by IL (52%),

and PH (47.3%) with positive, and RSR, RDBPP, PTDB and

SDBPP, with negative values (-31.4% to -24.9%). A genotype-by-

trait biplot constructed between PC1 and PC2 displayed indices

with positive associations (< 90°), independent or no associations (=

90°), and negative associations (> 90°) based on the angle between

them (Figure 2). It identified positive correlations among vegetative

(BPP, NPP, and PH), phenology (DTE, DTFFB, and DTA), and

biomass (SDBPP, PTDB, RDBPP, and RSR) parameters. However,

relationship of IL with biomass indices, and that of PH with RSR

was found to be negative. Overall, association among biomass

parameters seemed stronger than vegetative, and phenological

traits. Nevertheless, positively correlated all the traits contributed

more towards the LL tolerance of genotypes, so can be selected as

markers at anthesis stage in chickpea.

To assess the performance of genotypes, PCA biplot identified

entries, #147, #161, #153, #86, and #107 as distant with strong

positive association with carbon gain indicators i.e. SDBPP, PTDB,

RDBPP, and RSR (Figures 2, 3), on NL quadrant. These entries

contributed the highest values for these traits on PC1. Entries, #50,

and #17 were recognized as far-off but with negative associations,

and minimum scores for biomass parameters. The rest of the

genotypes might have low to medium values for these indices. All

the vegetative, and phenological traits occupied LL quadrant, where

entries #107, #77, #97, #122, #4, and #110 suggested strong positive
frontiersin.o
TABLE 1 Various statistical measures of genotypes (parents & RILs) on plant traits recorded at anthesis stage, and impact of natural light (NL) and low
light (LL) treatments on their expression (% increase/decrease) inside a glasshouse.

Traits NL LL %
change

H2

B.S.
%Sonali Slasher Mean

± SEM
RILs
range

CV
%

Sonali Slasher Mean
± SEM

RILs
range

CV
%

DTE 15.3 6.8 6.45 ± 0.13 4.5-15 27.5 8.0 8.0 6.21 ± 0.11 4.3-15.5 23.0 -3.7 61.4

DTFFB 39.5 34.3 33.2 ± 0.47 21.5-56.5 19.1 39.0 32.5 36.3 ± 0.58 21.8-70.8 21.5 9.2 80.6

DTA 48.8 55.0 43.8 ± 0.71 29.5-68 21.9 56.8 56.3 52.2 ± 0.86 29.8-85 22.0 19.2 81.2

PH 39.5 33.0 37.5 ± 0.44 25.3-56.5 15.8 50.5 48.6 52.4 ± 0.61 28.5-74.6 15.5 39.9 77.8

IL 2.1 1.5 1.82 ± 0.01 1.53-2.77 6.3 2.5 2.2 2.43 ± 0.02 2.24-4.8 8.3 33.4 36.1

NPP 20.5 22.8 20.6 ± 0.22 10.5-27.8 14.3 21.0 21.8 21.6 ± 0.22 8.5-27.3 13.7 4.9 77.2

BPP 4.3 10.0 6.12 ± 0.26 1.0-21.3 56.1 4.3 9.3 6.22 ± 0.24 1.0-16.8 50.7 1.7 72.4

SDBPP 1.1 1.2 1.09 ± 0.02 0.62-2.3 23.3 0.8 0.6 0.78 ± 0.01 0.22-1.44 23.2 -28.2 75.6

RDBPP 0.8 1.2 0.78 ± 0.02 0.24-2.01 37.5 0.4 0.2 0.37 ± 0.02 0.1-1.01 54.6 -52.8 75.1

RSR 68.3 97.5 69.7 ± 0.97 31.4-96.7 18.6 53.5 35.8 44.4 ± 1.08 19.3-88.9 32.7 -36.3 67.9

PTDB 1.9 2.4 1.87 ± 0.04 0.97-4.09 28.9 1.2 0.7 1.15 ± 0.03 0.34-2.38 32.7 -38.4 76.8
DTE, Days to emergence (days); DTFFB, Days to first floral bud (days); DTA, Days to anthesis (days); PH, Plant height (cm); IL, Internodal length (cm); NPP, Nodes per plant; BPP, Branches per
plant; SDBPP, Shoot dry biomass per plant (g); RDBPP, Root dry biomass per plant (g); RSR, Root/shoot ratio (%); PTDB, Plant total dry biomass (g).
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association, and maximum values for these traits on PC2. This

biplot also displayed entries #19, #180, and #151 as away from

origin with strong negative correlation, and lowest share for

biomass indices under LL. This is also evident from clustering of

entries between both light treatments, and distances from centroid

in each environment, indicating their share in phenotypic variance

(Figure 3). Between parents, PBA Slasher influenced both the

environments with greater percentage than Sonali. This share was

much higher in NL compared to LL treatment.
3.8 Best versus poor performing genotypes
identified in PCA biplot

The superior and underperforming entries, given in section 3.7,

were further assessed for biomass and anthesis period, being vital

for drought tolerance in chickpea (Table 2). Among those, entries

#147, #161, #153, and #107 initiated anthesis, on average, in about

56 to 66 days (DTA) in NL, and accumulated highest PTDB (4.09 to

3.12 g), RDBPP (2.01 to 1.38 g), SDBPP (2.08 to 1.74 g) with greater

RSR (96.5 to 79.3%), respectively. In comparison, light-sensitive

entries viz., #118, #106, #151, and #159 were early into flowering

(~30 to 31 days), and produced less than half PTDB, RDBPP,

SDBPP with lowest RSR than best entries under the same

environment. Under LL, top entries, #107, #4, #110, and #122, in

pursuit to adapt to prevailing conditions, delayed anthesis, on

average, by ~10 days compared to best performing genotypes
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under NL, and by more than double to underperforming entries,

#93, #143, #151, and #160, in reduced light treatment. Therefore,

values of PTDB (2.38 to 2.01 g vs 0.55 to 0.34 g), RDBPP (1.01 to

0.79 g vs 0.14 to 0.12 g), SDBPP (1.44 to 1.22 vs 0.41 to 0.22 g), and

RSR (79.3 to 65.1% vs 56.5 to 34.0%) were bigger for best genotypes

than others in this environment, respectively. Estimates of parents

for most of these traits were between best and poor performing

RILs, implying presence of desirable recombinants.
4 Discussion

The uncertain chickpea production under variable

environmental conditions is often attributed to multiple biotic

and abiotic stresses (Shah et al., 2020). Breeding for improved

cultivars against these factors requires investigation of all possible

causes responsible for low and unstable chickpea yields (Maqbool

et al., 2017). Effects of shade or LL on different agro-morphological

plant traits are least investigated in chickpea. However, to formulate

any breeding strategy, assessment of plant responses, and trait

variability are one of the preliminary steps, and the major

objectives of this study (Chen et al., 2017). It was revealed on

reviewing literature that no such study was conducted in chickpea,

previously, that specifically investigated effects of LL on

morphology, phenology, and physiology at the anthesis stage.

Apparently except light availability, this experiment was

conducted under favorable temperature, moisture, and nutrients
FIGURE 2

Biplot between principal components 1 and 2 (PC1 & PC2) showing the contribution of different traits (blue font) and genotypes (red font) in total
variability under natural light (NL) and low light (LL) treatments. DTE, Days to emergence (days); DTFFB, Days to first floral bud (days); DTA, Days to
anthesis (days); PH, Plant height (cm); IL, Internodal length (cm); NPP, Nodes per plant; BPP, Branches per plant; SDBPP, Shoot dry biomass per plant
(g); RDBPP, Root dry biomass per plant (g); RSR, Root/shoot ratio (%); PTDB, Plant total dry biomass (g).
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TABLE 2 Trait means of selected four superior and four poor performing recombinant inbred lines based on accumulated plant total dry biomass
(PTDB) across two light treatments.

Entry
Natural light (NL)

Entry
Low light (LL)

PTDB RDBPP SDBPP RSR DTA PTDB RDBPP SDBPP RSR DTA

147 4.09 2.01 2.08 96.7 56.3 107 2.38 0.94 1.44 65.6 75.0

161 3.83 1.71 2.12 80.5 56.3 4 2.36 1.01 1.36 74.3 75.0

153 3.82 1.52 2.30 65.8 56.3 110 2.27 1.01 1.27 79.3 74.8

107 3.12 1.38 1.74 79.3 66.3 122 2.01 0.79 1.22 65.1 74.8

Sonali 1.86 0.75 1.11 68.0 48.8 Sonali 1.23 0.42 0.81 52.0 56.8

Slasher 2.42 1.20 1.23 97.5 55.0 Slasher 0.74 0.20 0.55 35.8 56.3

118 1.05 0.29 0.76 37.9 30.5 93 0.55 0.14 0.41 34.6 34.3

106 1.04 0.38 0.66 56.8 32.3 143 0.52 0.13 0.39 34.0 33.8

151 1.02 0.37 0.65 56.5 32.0 151 0.50 0.14 0.36 39.1 33.3

159 1.00 0.24 0.76 31.9 31.3 160 0.34 0.12 0.22 56.5 29.8

Mean 2.33 0.99 1.34 67.1 46.5 Mean 1.29 0.49 0.80 53.8 54.4

SEM 0.41 0.21 0.21 7.02 4.29 SEM 0.27 0.13 0.15 5.42 6.3

SD 1.30 0.66 0.66 22.2 13.6 SD 0.87 0.40 0.48 17.1 19.9
F
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PTDB, Plant total dry biomass (g); RDBPP, Root dry biomass per plant (g); Shoot dry biomass per plant (g); RSR, Root/shoot ratio (%); Days to anthesis (days); SEM, Standard error of mean; SD,
Standard deviation from mean.
Entries given above parents (Sonali & Slasher) produced highest PTDB, whereas below lowest.
FIGURE 3

Clustering of genotypes in a PCA biplot (PC1 & PC2) showing the position of different genotypes from centroid (yellow circle) under natural light (NL)
and low light (LL) treatments.
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supply, hence, potential effects determined were mostly by

light composition.
4.1 Evaluation of methodology executed
for inducing low light environment

Differences observed in PPFD, RL, FRL, and RL/FRL ratio

between two light treatments were significant, suggesting that the

method used to mimic reduced light conditions in this study had

successfully simulated the LL environment. Previous studies had

also reported significant differences in quality of light, induced

using different procedures. Li et al. (2010) in a field study on

chickpea used a black commercial shade cloth to create LL

environment up to vegetative phase, and found 45% decrease in

incident PPFD. In soybean, Yao et al. (2017) generated 50% and

75% shade conditions by covering 2 m above ground level with

black nets. They reported 4 and 2.5 fold decrease in photosynthetic

photon flux density (PPFD) in 75%, and 50% shade compared to

unshaded treatment, respectively. Liu et al. (2018) in a maize-

soybean relay intercropping measured different light parameters

when soybean seedlings were 16 d older, and informed a reduction

of 82.7%, 50.0%, 65.5%, and 52.3% in RL, FRL, their ratios, and

PPFD, respectively over normal light. Based on these values, we can

say that our method of inducing low light conditions is comparable

with previous studies in terms of effectiveness. It can replicate the

same level of reduction in light composition due to defined net

mesh size, and other controlled conditions, such as temperature and

humidity. However, we can improve on consistency and validity of

the experimental treatments throughout the study period by

employing temperature and reliable light sensors capable of

measuring not only light intensity but also related parameters

(red/far-red components) alongwith installation of automated

systems for irrigation and fertigation purposes.
4.2 Implication of ANOVA genotype-
treatment interaction

The significant G×T interaction for the traits investigated (DTE,

DTFFB, DTA, PH, IL, NPP, BPP, SDBPP, RDBPP, RSR and PTDB)

indicated existence of different genotypic responses to altered light

composition. These findings are in agreement with previous studies

where significant genotype-by-treatment interaction had influenced

PH (Getachew et al., 2015), DTA (Desai et al., 2016), SDBPP (Arif

et al., 2021), RDBPP and PTDB (Nayak et al., 2010) in chickpea but

under different conditions.
4.3 Effects of LL on photosynthetic
response of parents

These were greater for PBA Slasher as indicated by 27.9%

reduction in net photosynthetic rate compared to 12.8% of Sonali

over NL treatment due to reduced PPFD under LL (Shrestha et al.,
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2019). LL severely affected this parental line in contrast to Sonali,

and modified its true phenotypic expression through substantial

increase in plant height (47.3% vs 27.8%), and internodes length

(46.7% vs 19.0%), and decrease in branches (7.0% vs 0.0%), nodes

(4.4% vs 2.4%), biomass of roots (83.3% vs 50.0%), shoots (50.0% vs

27.3%), root/shoot ratio (63.3% vs 21.7%), and total plant biomass

(70.8% vs 36.8%), respectively. It also delayed seedling emergence

(-17.6% vs 47.7%), and anthesis (- 2.4% vs 1.3%) in PBA Slasher as

opposed to Sonali, wherein, these were induced much earlier in the

season. The better response of Sonali to these conditions, especially

for vegetative (PH, IL) and biomass (RDBPP, SDBPP, RSR, PTDB)

indices, was attributed to superior light harvesting, net

photosynthetic rate, and production of photosynthates (Cai, 2011;

Shafiq et al., 2021). This is also evident from the performance of

PBA Slasher under NL conditions, where it maintained 8.1% more

Pn than Sonali, and excelled in crucial indices such as RDBPP, RSR,

PTDB, and SDBPP by 33.3%, 29.9%, 20.8%, and 8.3%, and BPP and

NPP by 57.0% and 10.1%, respectively. In maize and soybean,

previous researchers also reported a significant reduction in

photosynthetic capacity, and carbon gain of genotypes under

suboptimal PPFD, and other light components (Pausch et al.,

1991; Gao et al., 2017). Because, plants grown at different

irradiance levels develop photosynthetic apparatus with altered

features, so varied carbon fixation potential with overall reduced

rate of photosynthesis (Bailey et al., 2001; Sun et al., 2014;

Irving, 2015).
4.4 Effects of LL on plant phenology

Differences in days to emergence were observed among

genotypes, which indicated varied thermal time requirement

between two light treatments. The LL significantly promoted seed

germination, resulting in, 3.7% less days to emerge from date of

sowing than NL, suggesting minimum or no role of light, and had

been reported previously in chickpea (Vignoli, 1936), and some

other species (Chanyenga et al., 2012). Seed germination largely

depends upon soil temperature, moisture, and seeding depth

(Soltani et al., 2006). Since we kept all these requirements close to

optimum in both the treatments, this accelerated emergence might

be due to comparatively low temperature under shade which

allowed seeds to imbibe enough water content to initiate

germination earlier than NL (Tewfik, 2003; Ahmed et al., 2014).

The current study found that LL not only impeded first floral

buds development but also commencement of anthesis, on average,

by 3.1 and 8.4 more days, compared to NL, respectively. This is a

consequence of drop in PPFD which substantially impacted

photosynthetic process, hence, energy production and access to

genotypes (Jiang and Egli, 1993; Cai, 2011). Previous studies on

chickpea (Sandhu and Hodges, 1971; Samineni et al., 2020), and

alfalfa (Lorenzo et al., 2019) also informed similar findings.

Generally, plants employ two flowering strategies to counter

shade. They either accelerate reproductive development as

reported in Oryza sative, Lotus japonicus, and Arabidopsis

thaliana (Cerdán and Chory, 2003; Ueoka-Nakanishi et al., 2011;
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Carriedo et al., 2016) or delay it, comparable to this, and previous

other studies on sunflower, tomato, and alfalfa, possibly, as an

adaptive strategy (Qin et al., 2022). The delayed flowering reported

herein, allowed chickpea plants to intercept greater proportion of

PAR, thus, more assimilates for sustaining vegetative and

reproductive development, and production of biomass (Lake, 2017).
4.5 Effects of LL on shoot architecture

Suboptimal light causes reduction in thickness of leaf and

palisade tissues, chlorophyll contents, and leaf area, resultantly,

decreased light interception. This impacts the activity of gas

exchange processes (stomatal density, conductance), consequently,

inadequate CO2 transport. Further, transfer of electron from

photosystem II to I is obstructed, and level of enzymes

biosynthesis is modified. Moreover, reactive oxygen species (O2
-,

O2H, OH, & O) are produced, which interferes with the normal

functioning of photosynthetic apparatus. These leads to reduction in

rate of CO2 assimilation, net photosynthesis, and greater biomass

partitioning to stems (Gong et al., 2015; Shafiq et al., 2021). We

found that variation in RL : FRL ratio had enhanced plant height and

internodal length of genotypes, on average, by 14.9 cm and 0.6 cm,

respectively. Stem elongation is a well-known adaptive strategy in

plants to altered light (Sessa et al., 2018; Wang et al., 2020). Increased

plant height, and nodes length is a typical sign of shade avoidance

syndrome (SAS), by which, plants elongate their stems in search of

light. This resulted in weaker and slender stems, and had been

reported by previous researchers in soybean (Green-Tracewicz et al.,

2011; Zhang et al., 2011), sunflower, and Arabidopsis (Yang and Li,

2017). Low RL/FRL ratio, initially, promotes shade escape

mechanism (Ballaré et al., 1990), and then inactivates

phytochrome-interacting factors to produce increased level of

auxins, which results in stem elongation (Li et al., 2012). Low

PPFD is also responsible for this growth due to increased

production level of gibberellin in hypocotyls, leaves, internodes,

and shoots (Beall et al., 1996; Kurepin et al., 2007). Stem strength

greatly depends upon synthesis of biochemical compounds, such as

lignin, starch, pectin, sucrose, semi-fiber, and LL serves as a

constraining factor in their production due to reduced enzymatic

activities of phenylalanine, dehydrogenase, peroxidase, and ligase

(Wu et al., 2017a; Hussain et al., 2019; Shafiq et al., 2021). Hormones,

such as auxin and gibberellins, control LL induced plant growth and

expansion (Yang and Li, 2017). This study has informed production

of more NPP compared to NL conditions, similar to the report of

Nico et al. (2015) in soybean. In contrast, Raai et al. (2020) in a study

on winged beans found that non-shaded plants produced higher

NPP than moderately shaded, and heavily shaded plants. For

branches per plant, non-significant treatment effects were

recorded. However, genotypic differences were recorded under

both light treatments. Raai et al. (2020) in the same study also

observed substantial variation in BPP, non-shaded being higher in

BPP than shaded plants. This increase in NPP and BPP was due to

delayed anthesis, and energy conserved over the extended time
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period, possibly, to endure challenging environments (Lorenzo

et al., 2019).
4.6 Effects of LL on biomass production
and partitioning

The ratio of biomass partitioning to above and below-ground

plant parts is a way to study biomass allocation. Shoots represent

the light-harvesting, energy-producing part, while roots are

essential for nutrients, and water uptake from the soil. The larger

the root system a plant develops, the higher its biomass and root-to-

shoot ratio will be (Poorter and Nagel, 2000; Masǩová and Herben,

2018). Among all the traits we investigated, LL effects were highest

on biomass indices such as roots, shoots, root/shoot ratio, and plant

total dry biomass. On average, it reduced RDBPP and SDBPP by

52.8% (0.4 g) and 28.2% (0.3 g), RSR by 36.3%, and PTDB by 38.4%

(0.7 g) over NL treatment. Poor light intensity not only modified the

true phenotypes through shifting of greater energy resources to

vegetative parts (stem, nodes and branches) but also restricted root

development. This resulted in insufficient carbon gain of roots,

altering root/shoot ratio, and morphology of genotypes. These

results are consistent with the previous studies on chickpea,

which also revealed a reduction in these plant parts on reducing

light artificially (Verghis et al., 1999; Li et al., 2010; Lake and Sadras,

2014). Similar observations were also reported in other crops like

soybean, maize, and is a typical outcome of SAS when plants

perceive low RL/FRL signal through phytochromes (Kurepin

et al., 2007; Gao et al., 2017; Wu et al., 2017b; Wang et al., 2020).

Biosynthesis of some of the phyto-hormones, such as auxin and

ethylene increases under these conditions, which severely impacts

root growth and development (Růž ič ka et al . , 2007).

Underdeveloped roots could seriously affect tolerance of plants to

water-deficit environments, and genotypes with compromised root

system are more susceptible to drought, which is a severe issue in

chickpea, particularly during reproductive phase (Pierik and

Testerink, 2014; Blessing et al., 2018; Dreccer et al., 2018).

Therefore, to mitigate these effects, genotypes as well as target

traits are required to be identified for achieving sustainability in

chickpea production.
4.7 Relationship among different
plant traits

Across both light conditions, genotypes who took higher days to

initiate flowering (DTA) produced greater RDBPP, SDBPP, RSR,

and PTDB. These also exhibited slower growth rates as they took

longer for DTE, and DTFFB development. Over the longer growing

period, these genotypes attained higher PH with greater IL, NPP,

and BPP. However, late flowering genotypes, as identified in NL and

LL treatments (Table 2), performed better due to maximum light-

harvesting, radiation use efficiency, and higher energy production

(Li et al., 2008; Bai et al., 2016; Shafiq et al., 2021).
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4.8 Genetic variation and heritability of
plant traits captured

The existence of genetic diversity within or between crop

species is indispensable for crop improvement against various

stresses (Swarup et al., 2021). This offers plant breeders a chance

to select for superior genotypes for use in breeding programs aimed

at germplasm development, or release of cultivars for commercial

cultivation (Naveed et al., 2020). The genotypic variation observed

in this study was also impressive for some of the targeted traits,

especially roots (0.10 to 1.01 g), shoots (0.22 to 1.44 g), total plant

biomass (0.34 to 2.38 g), and days to anthesis (29.8 to 85.0 d) under

LL conditions. For instance, RILs #107 (2.38 g), #4 (2.36 g), #107

(2.27 g), and #122 (2.01 g) outperformed parents, Sonali (1.23 g),

PBA Slasher (0.74 g), and other lines (1.29 g) for total plant biomass

as indicated by means. Likewise for root dry biomass per plant, RILs

#93 (0.14 g), #151 (0.14 g), #143 (0.13 g), and #160 (0.12 g) failed to

exceed parents, Sonali (0.42 g), PBA Slasher (0.20 g), and other

genotypes (0.49 g). These results revealed presence of genetic

diversity, continuous variation, and transgressive recombinants

(+ve & -ve) for some of the parameters compared here of Sonali/

PBA Slasher mapping population (Polania et al., 2017). Mapping

populations are an excellent source of genetic diversity, and have

been reported to possess transgressive segregants for salinity

(Pushpavalli et al., 2015) and heat (Paul et al., 2018) tolerance

in chickpea.

High broad-sense heritability estimates were recorded for

indices such as DTE, DTFFB, DTA, PH, NPP, BPP, SDBPP,

RDBPP, RSR and PTDB, under NL and LL conditions, except for

IL. This suggested the least influence of environments on the

expression of these parameters, and the potential of direct

selection for further improvement under similar conditions

(Hussain et al., 2016; Naveed et al., 2016).
4.9 Discrimination of genotypes for
biomass traits

Among multivariate techniques, PCA biplot is the most effective

method for assessing performance of genotypes, and interaction of

traits. It has been extensively practiced to examine the association

among traits in chickpea, and other field crops (Erdemci, 2018;

Sharma et al., 2023). Biplots provided a new direction in

understanding plant responses, and respective stress-tolerance

mechanisms under various environmental conditions (Sivakumar

et al., 2020; Rani et al., 2023).

In the present study, PCA biplot indicated strong associations

among various plant traits under both the treatments, implying

potential breeding strategies to emphasize for further improvement

(Kushwah et al., 2022). The positive correlation of days to anthesis

with total plant biomass (r= 0.88, 0.95), root biomass (r= 0.90, 0.93),

and shoot biomass (r= 0.84, 0.94), as exhibited by biplot and

Pearson’s correlation coefficients under NL and LL, respectively,

suggested that genotypes with late maturity period produced plant
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parts, above and below ground, with greater biomass. Association of

three biomass parameters, PTDB with RDBPP (r= 0.99, 0.99),

SDBPP (r= 0.99, 0.98), and RDBPP with SDBPP (r= 0.95, 0.94),

revealed correlated response with coefficients near to 1.0, and

heritability values greater than 75.0%, indicating least

environmental influence, and possibility of simultaneous

improvement using different selection strategies (Rana et al.,

2019). Direct selection, as early as, from F2 generation would be

rewarding for progressing further in these traits (Sehrawat et al.,

2012). Entries such as #147 (1_52), #161 (1_73), #153 (1_64), #86

(1_223), and #107 (1_245) revealed an increase of 43.0 to 25.3%,

50.7 to 28.3%, and 35.6 to 23.0% in total plant biomass, root

biomass, and shoot biomass compared to respective trait means

under NL conditions. Likewise, entries #107 (1_245), #77 (1_212),

#97 (1_233), #122 (1_269), #4 (1_103), and #110 (1_248) surpassed

trait means for biomass of roots, shoots, and total plant biomass by

47.9 to 38.0%, 44.4 to 34.4%, and 45.8 to 35.8%, respectively, under

LL environment. Detailed analysis of these entries revealed that

RILs viz., 1_52, 1_73, 1_64, 1_245, 1_103, 1_248, and 1_269,

overall, produced more biomass (PTDB, RDBPP, SDBPP) with

greater number of nodes, branches over 17.4 to 29.9% longer

phenological period to start anthesis. Entry #107 (1_245) revealed

phenotypic plasticity across both NL and LL with good scores for

TPDB (3.12 vs 2.01 g), RDBPP (1.38 vs 0.79 g) and SDBPP (1.74 vs

1.22 g), therefore, could be used regardless of the specific

environment (Sadras et al., 2016). This biplot also showed

negative association of internodal length with all biomass traits,

with heritability value of 36.1%, implying greater environmental

effects, and delay in selection up to later generations, such as F5 or

F6 through pedigree method would be rewarding (Khan

et al., 2016).

All the promising RILs identified here could be utilized in

different breeding schemes for creating new, and desirable

recombinants, and developing shade-tolerant chickpea germplasm

(Gommers et al., 2013; Naveed et al., 2015; Sulistyowati et al., 2016).

Classical methods such as introduction, selection, and

hybridization, are the most common breeding approaches used

for selecting plant material with targeted features. However, these

require greater time-period, and resources when traits of interest

(such as root, shoot and total plant biomass etc.) are polygenic and

correlated with each other. The selection process becomes even

more complicated if there is a greater G×E interaction or trade-off

(phenology and yield in chickpea etc.) among traits (Maqbool et al.,

2017). To overcome these challenges, molecular techniques such as

linkage maps and marker-assisted selection (MAS) could be used,

being stable and unaffected by environmental fluctuations, and

easily noticeable, regardless of growth stage. However, production

of mapping populations is one of the basic requirement for

constructing a linkage map and establishing marker-trait

association (Collard et al., 2005). For this purpose, the RILs

discriminated here could be used for developing segregating

populations involving two or multiple parents. This could lead in

identifying quantitative trait loci (QTL) associated with drought

tolerance indices (root biomass, shoot biomass, and total plant
frontiersin.org

https://doi.org/10.3389/fpls.2024.1292753
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Naveed et al. 10.3389/fpls.2024.1292753
biomass), and their incorporation through various MAS schemes.

Completion of chickpea genome sequencing has further opened up

avenues for crop improvement through omics techniques such as

genomics, transcriptomics, and phenomics. We can combine QTL

mapping with these methods to study the expression of genes, and

molecular mechanisms regulating these parameters, and shade

tolerance in genetic material so developed using these RILs. This

would accelerate incorporation, and selection for shade tolerance

traits (Mir et al., 2012; Dutta et al., 2018). Therefore, a

multidisciplinary approach integrating genomics with breeding,

coupled with precise phenotyping is suggested for conferring this

type of stress in chickpea.
5 Conclusion

Modifications in optimum light conditions as revealed by

reduced photosynthetic active radiation, red and far-red lights,

and their ratios proved that our methodology of using mosquito

net, had effectively, simulated low light conditions. The responses of

chickpea genotypes to these changes were severe, as most of them

altered their morphology with greater investment of available

photosynthates on shoot growth at the expense of root

development. Specifically, plants were slow in growth, produced

greater plant heights, internodal lengths, and nodes per plant,

however, with reduced root, shoot, and total plant biomass, and

altered root to shoot ratios, possibly as an adaptive strategy, similar

to the hypothesis of shade avoidance syndrome. Modifications in

some biochemical and molecular processes might also be

responsible for all these effects, but, were not part of our research,

and would be of great worth in understanding shade effects, and

possible mechanisms in future studies. Overall, low light effects

were greater on biomass relevant parameters (root, shoot, their

ratio, and total plant biomass), which are vital part of drought

tolerance strategy in chickpea. Superior RILs identified through PC

analysis, viz., 1_52, 1_73, 1_64, 1_245, 1_103, 1_248, and 1_269,

produced highest TPDB with greater RDBPP, and SDBPP. These

RILs, along with others identified in this study, could be the source

material to develop light-insensitive chickpea cultivars through

integrated breeding approaches.
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Horticulture and Forestry Sciences, Huazhong Agricultural University, Wuhan, China
Introduction: Low-light-stress is a common meteorological disaster that can

result in slender seedlings. The photoreceptors play a crucial role in perceiving

and regulating plants' tolerance to low-light-stress. However, the low-light-

stress tolerance of cucumber has not been effectively evaluated, and the

functions of these photoreceptor genes in cucumber, particularly under low-

light-stress conditions, are not clear.

Methods: Herein, we evaluated the growth characteristics of cucumber

seedlings under various LED light treatment. The low-light-stress tolerant

cucumber CR and intolerant cucumber CR were used as plant materials for

gene expression analysis, and then the function of CsCRY1 was analyzed.

Results: The results revealed that light treatment below 40 mmol m-2 s-1 can

quickly and effectively induce low-light-stress response. Then, cucumber CR

exhibited remarkable tolerance to low-light-stress was screened. Moreover, a

total of 11 photoreceptor genes were identified and evaluated. Among them, the

cryptochrome 1 (CRY1) had the highest expression level and was only induced in

the low-light sensitive cucumber CS. The transcript CsaV3_3G047490.1 is

predicted to encode a previously unknown CsCRY1 protein, which lacks 70

amino acids at its C-terminus due to alternative 5′ splice sites within the final

intron of the CsCRY1 gene.

Discussion: CRY1 is a crucial photoreceptor that plays pivotal roles in regulating

plants' tolerance to low-light stress. In this study, we discovered that alternative

splicing of CsCRY1 generates multiple transcripts encoding distinct CsCRY1

protein variants, providing valuable insights for future exploration and

utilization of CsCRY1 in cucumber.
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1 Introduction

Light is one of the most critical environmental factors for living

organisms on Earth. Plants can convert light energy into

carbohydrates through photosynthesis, as it provides a source of

energy for humans (Xu et al., 2015). However, global warming has

resulted in an increasing frequency of extreme weather events,

particularly for continuously cloudy weather or rainfall (Zhu, 2016).

Consequently, low-light-stress has emerged as one of the most

significant meteorological disasters worldwide, ultimately

impacting photosynthesis, growth, accelerating reproductive

development, and leading to lower plant biomass and decreased

crop yield and quality (Liu et al., 2014; Sekhar et al., 2019; Casal and

Fankhauser, 2023; Li et al., 2023). Over the past few decades,

scientists have gradually unraveled crucial molecular mechanisms

and signaling pathways by conducting research on photoreceptor

genes in Arabidopsis. Nevertheless, there has been limited progress

in understanding the mechanism of light signal transduction in

cucurbits, particularly cucumbers.

Plants are sessile, so they must constantly adapt to the ever-

changing light environment. To achieve this, they employ multiple

photoreceptors to respond to wavelengths of light with different

intensities ranging from ultraviolet to the far-red regions (Galvão

and Fankhauser, 2015). The primary source of low-light-stress is the

reduction in sunlight intensity due to continuous cloudy weather,

rainfall (Ma et al., 2021), or crowded plant canopies (Casal, 2013).

Photoreceptors have the ability to perceive various low-light-stress

conditions. In plants, there are four primary types of

photoreceptors, including the UVB receptor (280–315 nm UV

light), PHYs (600–750 nm red and far-red light), CRYs (350–500

nm blue light), and phototropins (320–500 nm blue light) (De Wit

et al., 2016). Among them, PhyB is a critical photoreceptor that can

perceive low R: FR of shade light (Casal and Fankhauser, 2023).

CRY1 and CRY2 are mainly responsible for sensing the changes in

blue light intensity (de Wit et al., 2016; Pedmale et al., 2016). These

photoreceptors can regulate gene expression by modulating the

activity of transcription factors under low-light-stress, thereby

promoting the extension of hypocotyls, stems, and petioles. These

responses are collectively referred to as the shade avoidance

response (SAR) (Casal, 2013; Pedmale et al., 2016). Currently, the

majority of knowledge regarding the activity of photoreceptors was

derived from shade-intolerant plants, while their specific roles in

low-light-stress tolerant crops remain unexplored.

The cucumber (Cucumis sativus L.) is an economically

important crop. Low-light-stress will lead to the formation of

weak cucumber seedlings with small leaves, long stems, and fewer

female flowers (Zhou et al., 2022; Cao et al., 2023; Li et al., 2023).

LED supplementary lighting technology has been widely applied to

enhance crop growth under low-light-stress, particularly for

horticulture crops (Ma et al., 2021; Grishchenko et al., 2022). By

utilizing LED supplementary lighting, we can also significantly

enhance seedling growth and boost the fruit yield of cucumbers

(Song et al., 2019; Gajc-wolska et al., 2021). However, there is

limited knowledge about strategies for cucumber response to low-

light-stress. In soybean, the cultivars that are sensitive to low-light-
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stress respond to the decrease in light intensity by significantly

increasing the length of their cells. Conversely, in tolerant cultivars,

the rate of cell elongation is reduced, yet their photosynthetic

efficiency and yield are higher (Lorenzo et al. , 2019).

Furthermore, it has also been observed that enhancement of

CRY1-signaling activity can significantly improve yield potential

of soybean under low-light-stress conditions (Lyu et al., 2021). The

research conducted above has demonstrated that genes in the

photoreceptor-signaling pathway play crucial roles in regulating

plants’ tolerance to low-light-stress. Nevertheless, the low-light

tolerance of cucumber has not been effectively evaluated, and the

functions of these photoreceptor genes in cucumber, particularly

under low-light-stress conditions, are not clear. In our research, we

have established a rapid and efficient evaluation system for assessing

cucumber tolerance to low-light-stress and obtained one cucumber

material with significantly better tolerance. Additionally, the

photoreceptor genes of cucumber were also identified, and a

comprehensive analysis was conducted on the role of CsCRY1

under low-light-stress.
2 Materials and methods

2.1 Plant materials and LED
light treatments

The cucumber (Cucumis sativus) CS and CR were used as

materials in this study, which were preserved at Institute of Facility

Agriculture, Guangdong Academy of Agricultural Sciences. CS (EA

background) was identified from North South China ecotype

cucumber varieties, which is commonly used in modern cucumber

breeding with high-quality genome and very rich omics data (Huang

et al., 2009; Li et al., 2019). CR (EA background) was identified from

the South China ecotype cucumber varieties. Plants were grown in

plug trays in a plant incubator that maintained a temperature of (25 ±

1) °C and a 14-hour light/10-hour dark cycle. The relative humidity

was 60%-80%. To determine the optimal low-light-stress condition,

six distinct white LED light intensity treatments (0, 10, 40, 80, 120,

160 mmol m-2 s-1) were applied to the CS and CR plants, respectively.

The effect of light quality on the growth of cucumber seedlings (CS)

was evaluated by four different wavelengths LED light treatment,

including 40 mmol m-2 s-1 white light LED (WL40), 160 mmol m-2 s-1

white light LED (WL160), 160 mmol m-2 s-1 LED light composed of

blue light (16 mmol m-2 s-1) and red light (144 mmol m-2 s-1) (RB91),

160 mmol m-2 s-1 LED light composed of blue light (144 mmol m-2 s-1)

and red light (16 mmol m-2 s-1) (RB19) (Figure 1A). After two weeks,

the growth characteristics of cucumber seedlings were measured.
2.2 Identification and characterization of
the photoreceptor genes in cucumber

To identify the photoreceptor genes (PHYs, CRYs, UVRs, PHOTs)

involved in low-light-stress, the protein sequences of Arabidopsis

thaliana were retrieved from the The Arabidopsis Information
frontiersin.org
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Resource (TAIR) database (https://www.arabidopsis.org/), and these

sequences were used as queries to identify the photoreceptors in

cucumber by conducting BLASTP searches in the CuGenDBv2

database (http://cucurbitgenomics.org/v2/) (Yu et al., 2023). Then,

the Pfam (https://www.ebi.ac.uk/Tools/hmmer/search/phmmer) and

MEME suite (http://meme-suite.org/) were utilized to analyze and

validate the conserved motifs of these photoreceptor proteins.
2.3 Phylogenetic tree, conserved motifs
and gene structure analysis of the CRYs

The CRY protein sequences of Cucumis sativus, Citrullus lanatus,

Cucumis melo, Cucurbita moschata, Momordica charantia, Lagenaria

siceraria, Benincasa hispida, Sechium edule, Luffa cylindrical,

Trichosanthes anguina, and Cucurbita pepo were obtained from

CuGenDB (http://cucurbitgenomics.org/v2/), and those of Solanum

lycopersicum were from the Sol Genomics Network (https://

solgenomics.net/), and those of Arabidopsis thaliana were from
Frontiers in Plant Science 0358
TAIR (https://www.arabidopsis.org/). The phylogenetic tree was

constructed using MEGA 7 software (Institute of Molecular

Evolutionary Genetics, USA). The gene structure of CsCRY1 was

predicted using GSDS 2.0 (http://gsds.gao-lab.org/). The protein

length, molecular weight (Mw), and theoretical isoelectric point (pI)

of CRY1 were analyzed by the ExPASy ProtParam (https://

web.expasy.org/protparam/). The subcellular location of CRY1 was

predicted by INSP (http://www.csbio.sjtu.edu.cn/bioinf/INSP/).
2.4 Gene expression analysis of CsCRY1
and the photoreceptor genes
from cucurbits

To analyze the gene expression of these photoreceptor genes, we

retained the expression data from the Cucurbit Expression Atlas

(http://cucurbitgenomics.org/v2/). Among them, tissue expression

data of cucumber photoreceptor genes was obtained from the

transcriptome atlas of cucumber (PRJNA312872), and tissue
FIGURE 1

The effect of different light intensities on elongation of cucumber hypocotyl. (A) The cucumber hypocotyl length of cucumber seedlings (CS) growth
under different light intensities of 10, 40, 80, 120, 160 mmol m-2 s-1 for one week. (B) The length of cucumber hypocotyls (CS) from 0 to 16d under
white LED light (160 mmol m-2 s-1). (C) The phenotype of cucumber seedlings (CS) growth under 10, 40, 80, 120, 160 mmol m-2 s-1 for one week.
(D) The phenotype of low-light-stress tolerant (CR) and sensitive cucumber (CS) lines under low-light-stress (40 mmol m-2 s-1) treatment at seedling
stage for two weeks. The red scale bar represents a length of 2cm.
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expression data of melon was obtained from gene expression atlas

of melon (PRJDB6414) (Yano et al., 2018). Tissue expression data of

watermelons was obtained from transcriptome profiling of

watermelon fruit development (PRJNA543725) (Guo et al., 2019).

Then, the heatmaps were constructed using TBtools

(Chen et al., 2020).
2.5 Alternative splicing (AS) analysis of
CsCRY1 gene from cucumber

Total RNA was extracted from different cucumber tissue of CS

(Rt: root, Sm: stem, Tl: tendril, Ap: apical point, Yl: young leaves,

Ml: young leaves, Ol: young leaves, Pe: petal, St: stigma, Pi: pistil,

Ov: ovary), using an OminiPlant RNA Kit (DNAaseI) from CWBIO

(www.cwbio.com). The PrimeScriptTM RT reagent kit (TakaRa,

Dalian, China) was using to produce reverse transcribed cDNA. The

TSINGKE TSE030 T3 Super PCR Mix was used for RT-PCR assays.

We selected CsACTIN as the reference gene. All the primer pairs in

this study were listed in Supplementary Table 1. Three biological

replicates were performed. To analyze the expression of CsCRY1

gene under low-light-stress, RNA-seq of cucumber was conducted

using Illumina Novaseq6000 by Gene Denovo Biotechnology Co.

(Guangzhou, China). The hypocotyls of CS and CR cucumber were

sampled for RNA-seq and RT-PCR after 40 mmol m-2 s-1 low-light-

stress (LL) and 160 mmol m-2 s-1 normal light (CK) treatments 72h.

The sof tware rMATS (vers ion 4.0 .1) (ht tp : / /rnaseq-

mats.sourceforge.net/index.html) was used to identify significant

AS events with a false discovery rate (FDR) <0.05 (Shen et al., 2014).

The CsCRY1 transcripts structure information was analyzed using

IGV-GSAman software (https://gitee.com/CJchen/IGV-sRNA).
2.6 Subcellular localization analysis
of CsCRY1.1

The full-length CDS of CsCRY1.1 from CS was amplified by

PCR using 2 × High-Fidelity Master Mix (Tsingke, Inc., Beijing,

China), and the PCR fagments were inserted in the KpnI and XbaI

site of the pCambia1301-35s-EGFP vector by using ClonExperess II

one Step cloning Kits (Vazyme, Piscataway, NJ, United States). The

35S::CsCRY1.1-GFP fusion protein was subsequently generated,

controlled by the Cauliflower mosaic virus (CaMV) 35S

promoter. The vector and the empty vector were each

transformed into Agrobacterium strain GV3101. Subsequently,

the positive strains were infiltrated into the leaves of tobacco

(Nicotiana benthamiana) using the Agrobacterium-mediated

transformation method (Sheludko et al., 2007). Finally, laser

scanning confocal microscope (CarlZeiss LSM710) was used to

take the GFP fluorescence signal pictures.
2.7 Statistical analysis

Statistical analysis of the experimental data was performed using

SAS statistical package. Results were expressed as means ± standard
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deviation (SD). Differences in data from treatments were analyzed by

one-way ANOVA and the analysis results were corrected with Turkey’s

multiple comparison tests at a significance level of P<0.05.
3 Results

3.1 Low-light-stress can induce rapid
elongation of cucumber hypocotyls at the
early seedling stage of cucumber

The low-light-stress has a significantly negative impact on the

quality of seedlings. However, there is a lack of optimal parameters

for evaluating low-light-stress, thus resulting in limited

understanding of the mechanism underlying low stress tolerance

in cucumber. Therefore, we evaluated the growth characteristics of

cucumber (CS) under various light intensities, including 0, 10, 40,

80, 120, and 160 mmol m-2 s-1, respectively. The hypocotyls

elongation was observed to be rapidly promoted, while the leaf

size was significantly inhibited by light treatments below 40 mmol

m-2 s-1 (Figures 1A, C; Supplementary Figure 1). Furthermore, the

elongation of cucumber hypocotyl (CS) was evaluated at the whole

seedling stage under 160 mmol m-2 s-1. The results indicated that the

elongation process of cucumber hypocotyl can be categorized into

two distinct stages: stage I (0-4 days) characterized by rapid

elongation of hypocotyl, and stage II characterized by slower

elongation of hypocotyl (5-16 days) (Figure 1B). Additionally, we

also compared the growth of two cultivars (CS and CR) under

different light intensities. Firstly, we found that elongation of both

material hypocotyls gradually stop after stage I. Secondly, there was

a significant difference in the hypocotyls length of CS and CR under

40 mmol m-2 s-1, while the difference gradually became smaller in

other light intensities treatments (Figure 1D; Supplementary

Figure 1). Therefore, we selected 40mmol m-2 s-1 white LED light

treatment for 7 days as the optimal parameters for evaluating low-

light-stress. This approach allowed us to quickly and efficiently

identify a low-light tolerant cucumber line (CR) and a low-light-

sensitive cucumber line (CS) (Figure 1D). Notably, CR had a

significantly shorter hypocotyl, better photosynthesis capacity,

and superior resistance to lodging under low-light-stress

compared with CS (Figure 1D; Supplementary Figure 2).
3.2 The decrease in blue light intensity is
the primary reason of low-light-stress
in cucumber

To assess the effect of different light qualities under low-light-

stress, we cultivated cucumber seedlings for two weeks under four

LED conditions with different intensity of blue and red light: WL40

(40 mmol m-2 s-1 total light intensity, containing 10 mmol m-2 s-1 blue

light intensity), WL160 (160 mmol m-2 s-1 total light intensity,

containing 40 mmol m-2 s-1 blue light intensity), RB91 (160 mmol

m-2 s-1 total light intensity, containing 16 mmol m-2 s-1 blue light

intensity) and RB19 (160 mmol m-2 s-1 total light intensity, containing

144 mmol m-2 s-1 blue light intensity) (Figure 2A). The results
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revealed that under theWL40 condition, the hypocotyl length was the

longest, whereas the SPAD value and total root length were the

smallest. When the light intensity was the same, the hypocotyl of

treatment RB91 was the longest, followed by treatment WL160, and

the shortest was treatment RB19. The results indicated that the

hypocotyl length was totally negatively correlated with the intensity

of blue light (Figures 2B, C). Additionally, our findings revealed that

CR exhibited significantly shorter hypocotyls compared to CS when

exposed to blue light treatment. However, no significant difference

was observed in hypocotyl length between CS and CR under red light

treatment (Supplementary Figure 3). Furthermore, the

supplementary LED experiment demonstrated that the elongation

of CS hypocotyls can also be most effectively inhibited by supplement

of blue light, whereas red light exhibited the least effective inhibitory

effect (Supplementary Figure 4). The research findings indicated that
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the reduction in blue light intensity is the primary factor responsible

for inducing low-light-stress in cucumber.
3.3 CsaV3_3G047490 is highest expressed
photoreceptor genes in cucumber

Photoreceptors play a critical role in regulating low-light-stress

tolerance of plants. However, in cucurbit crops, photoreceptor genes

have not been clearly explained in detail. Here, we identified the major

classes of photoreceptors (CRYs, UVRs, PHYs, PHOTs) and analyzed

their expression patterns in different cucurbit crops. A total of 11 and

13 photoreceptor genes were identified in cucumber and melon,

respectively. The gene ID information of these factors was shown in

Supplementary Table 2. Chromosome mapping results revealed that
FIGURE 2

The effect of different light qualities on cucumber seedlings. (A) The spectra of four different light combinations. (B) Cucumber seedling (CS)
phenotypes under four different light combinations. (C) The values of hypocotyl length, SPAD and total root length of cucumber seedlings grown for
two weeks under four light combinations. Here, the low case letters indicate significant differences at P < 0.05 by the least significant difference test.
The red scale bar represents a length of 2cm.
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the 11 photoreceptor genes in cucumber were each mapped to five

distinct chromosomes. In the photoreceptors, the PHYA and PHOT2

genes have an additional copy in almost all cucurbit crops.

Furthermore, a segmental duplication gene pair (PHOT2) was

identified through syntenic analysis (Figure 3A). It is well-recognized

that analyzing the expression of these genes across different tissues is

pivotal in deciphering their function. The heatmaps, created using

expression data from the Cucurbit Expression Atlas, revealed that

CsaV3_3G047490.1 consistently exhibited a higher expression level

than other photoreceptor genes in various cucurbit crops, including

cucumber, melon, watermelon, and bitter melon (Figures 3B, C;
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Supplementary Figure 5). Additionally, CRY1 was also highly

expressed in the hypocotyls of cucumber seedlings (Figure 3B).
3.4 CsaV3_3G047490.1 belongs to the
cryptochrome blue light receptors and was
named CsCRY1

CsaV3_3G047490 was annotated as the cryptochrome blue light

receptors in the cucumber genome. To further identify the CsCRY

genes, we used 3 CRYs (AtCRY1, AtCRY2 and AtCRY3) protein
B

C

A

FIGURE 3

Chromosome location of photoreceptor genes in cucumber (A); Heat map of photoreceptor genes in different tissue from cucumber (B) and
melon (C).
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sequences from Arabidopsis as queries to carry out a Blastp search.

As a result, only two CRYs genes were identified in the Chinese

Long v3 genome of cucumber. To investigate the evolutionary

relationships among the CRY proteins in cucurbit crops, a

phylogenetic tree was constructed using MEGA 7. All the CRYs

proteins in cucurbits crops could be divided into three subfamilies:

CRY1, CRY2, and CRY3 according to the classification of CRYs in

Arabidopsis. The CRY1 subfamily has the highest number of

members, with a total of 17. Conversely, the CRY2 subfamily is

the smallest with only 13 members (Figure 4A).

The physical and chemical properties of CsCRY1 and CsCRY3

were shown in Table 1. The amino acid sequence lengths of CsCRY1

and CsaCRY3 are 613 amino acids and 592 amino acids, respectively,
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while their pI values are 5.46 and 9.4. Both CRYs genes are mapped to

almost the same region of chromosome 3 (Figure 3A). Interestingly,

the CRY2 gene is absent in the cucumber 9930 genome, but not in

other cucurbit crops such as melon, watermelon, pumpkin, and bitter

melon (Table 1; Supplementary Table 2). Therefore, we identified the

cucumber CRY2 gene in the remaining four reference cucumber

genomes within CuGenDBv2 database. Interestingly, we identified a

completely intact CRY2 gene (636aa) in Cucumis hystrix var (2n = 2x

= 24), a wild cucumber species that can hybridize with cultivated

cucumber varieties (C. sativus L., 2n =2x = 14). The CRY2 is

incomplete (229 amino acids) in the genome of wild/semi-wild

varieties Cucumis sativus var. hardwickii cv. PI 183967. All

cultivated cucumbers (Cucumis sativus L. var. sativus cv. Chinese
B

A

FIGURE 4

The phylogenetic tree and expression analysis of CsaCRYs gene in cucumber. (A) The phylogenetic tree and subgroup classifications of CRY proteins
in cucumber, melon, watermelon, bitter melon, wax gourd, bottle gourd, pumpkin, tomato, and Arabidopsis. (B) Expression profiles of CsCRY1 and
CsCRY3 genes in low-light-stress -tolerant (CR) and light-stress-sensitive (CS) cucumber cultivars under 40mmol m-2 s-1 low-light-stress treatment
(LL) and 160mmol m-2 s-1 control (CK) treatment. Here, the low case letters indicate significant differences at P < 0.05 by the least significant
difference test.
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Long, Cucumis sativus L. var. sativus cv.Gy14, and Cucumis sativus L.

var. sativus cv B10) lack the CRY2 gene (Supplementary Table 3). The

findings suggest that the CsCRY2 gene has been explicitly lost over a

long evolution from wild to cultivated varieties.
3.5 The expression of CsCRY1 was induced
by low-light-stress

To investigate the responses of theCsCRY genes to low stress, RNA-

seq analysis was conducted on tolerant and sensitive cucumber

hypocotyls. The hypocotyls were sampled after 72 hours of treatment

under 40mmol m-2 s-1 (LL) and 160mmol m-2 s-1 (CK) white light LED.

During this period, the hypocotyl length of the tolerant cucumber CR

was significantly shorter than that of the sensitive cucumber CS under

low-light-stress (Supplementary Figure 6). The expression result of

CsCRY1 and CsCRY3 indicated that the expression level of CsCRY1

was much higher than CsCRY3. Additionally, the expression of CsCRY3

was significantly depressed by low-light-stress treatment in both tolerant

and sensitive cucumber material. However, only in the sensitive

cucumber material, the expression of CsCRY1 was significantly

induced by low-light-stress (Figure 4B). Therefore, the above results

indicated CsCRY1 may play a critical role under low-light-stress.
3.6 Cucumber CsCRY1 protein lost the last
70 aa in the C-terminal

To further understand the functions of CsCRY1, we aligned the

amino acid of CRY1 protein from various cucurbit species. Our

findings indicated that CRY1 is highly conserved, particularly in its

N-terminal PHR domain. However, the length of all CRY1 proteins

from various crops is almost 681 amino acids, except for cucumber

(Supplementary Table 4). The C-terminal of CCT domain in CsCRY1

of cucumber was short 70 aa (Figure 5). Then, we cloned the CsCRY1

gene and verified the presence of CsCRY1 mRNA in the cucumber

genome, which is capable of encoding a short CsCRY1 protein. It is

well-established that both CRY1 and CRY2 regulate low-light-stress,

albeit a relatively minor role for CRY2 compared with that of CRY1 in

Arabidopsis. However, CsCRY2 was absent in cucumber. The absence

of the CsCRY2 gene in cultivated cucumber leads to a significant role

for CsCRY1 in low-light-stress conditions.
3.7 AS leads to form one special transcript
that encoded CsCRY1.1 protein lost 70 aa

To further elucidate the distinct features of cucumber CsCRY1,

we have successfully obtained 34 transcripts including 15 full-length
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transcripts of CsCRY1 through single-molecule long-read

sequencing in cucumber CS (Supplementary Figure 7). By

utilizing the IGV-GSAman software to align these CsCRY1

transcripts to the cucumber genome, we discovered that the pre-

mRNA of CsCRY1 undergoes alternative splicing (AS).

Additionally, alternative 5′ splice sites (5’SS) in the last intron

was the major AS events. Interestingly, there were five kinds of 5’SS

events in intron four, one total intron retention event, three partial

intron retention events, and one total intron splicing event. We

predicted the open reading frames (ORFs) of these CsCRY1

transcripts. The findings indicated that intron 4 contains a crucial

coding sequence, with the stop codon positioned at the midpoint of

intron four. Therefore, the five splice variants can be translated into

three kinds of splice proteins with different lengths of C-terminal

domains (Figure 6A). The transcripts CsaV3_3G047490.3,

CsaV3_3G047490.4, and CsaV3_3G047490.5 encode the full-

length protein of CRY1, designated as CsCRY1.3. The transcripts

CsaV3_3G047490.1 and CsaV3_3G047490.2 encode two different

truncated C-terminal CRY1 proteins, named CsCRY1.1 and

CsCRY1.2 (Figure 6B). We analyzed the conserved domains of

these spliced proteins by HMMER. All the spliced protein contains

an intact DNA photolyase domain and FAD binding domain.

However, only CsaV3_3G047490.1 contained an impaired CCT

domain (Figure 6C). Moreover, we did not find the 5’SS of CRY1

in other species including melon, pumpkin, Arabidopsis, etc.

(Supplementary Figure 8). Therefore, we concluded that 55’SS of

CsCRY1 is responsible for the formation of various transcripts with

diverse coding capabilities in cucumber. However, the precise role

of CsCRY1 remains elusive.
3.8 Analysis of 5’SS of CsCRY1 in cucumber
different tissues and stress treatment

To further validate the AS of CsCRY1, we conducted a

transcriptome analysis of both CR and CS cucumber hypocotyls

following 72 hours of exposure to low-light-stress (40 mmol m-2 s-1)

and normal light (160 mmol m-2 s-1) treatment. The results

reaffirmed the presence of a 5’SS in the last intron of CsCRY1 in

both CR and CS (Figure 7A; Supplementary Figure 9). To unravel

the expression pattern of CsCRY1 splicing variants in different

tissues, we designed a pair of the primer crossing the intron four

to perform RT-PCR assay. The results revealed that there were four

spliced transcripts identified in almost all the samples. Among

them, the expression level of CsaV3_3G047490.3 was the highest,

followed by CsaV3_3G047490.4 and CsaV3_3G047490.1. In

contrast, the expression of CsaV3_3G047490.5 was the lowest,

while no expression of CsaV3_3G047490.2 was detected

(Figures 7B, C). Furthermore, all four transcripts were present in
TABLE 1 Characteristics of CsCRYs genes and their annotated information in Cucumis sativus L.

Gene ID Gene name Strand Gene position CDS/bp Proten/aa MW/kD pI Subcellar location

CsaV3_3 G047490 CsCRY1 + 38763751-38768676 1839 612 69.366 5.46 Nucleus

CsaV3_3 G046930 CsCRY3 – 38309641-38315065 1779 592 67.434 9.4 Nucleus
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C

A

FIGURE 6

The whole-length transcripts structure of cucumber CsCRY1. (A) five kinds of 5’SS events in intron 4, * represent the stop codon at the middle of
intron 4. (B) Alignment of the spliced protein encoding by five splicing variants. Here, only the C-terminal protein was shown. (C) The conserved
motif analysis of the spliced protein using HMM.
FIGURE 5

Multiple protein sequence alignment of cucumber CsCRY1. CRY1 protein sequences included AT4G08920 from Arabidopsis, CsaV3_3G047490.1
from Cucumis sativus L. var. sativus cv. Chinese Long, MELO3C003575.2.1 from Cucumis melo cv. DHL92, CmoCh09G005460, and
CmoCh01G016510 from Cucurbita moschata var. Rifu.
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hypocotyls under low-light-stress conditions. However, we only

found that the expression of CsaV3_3G047490.1 was induced by

low-light-stress, and the RNA-seq analysis confirmed these findings

(Figure 7; Supplementary Figure 9).

The CsCRY1.1 protein, a newly identified blue light receptor in

plants, was cloned and its subcellular localization was evaluated.

Here, we found that the subcellular localization of CsCRY1.1 was

same to GFP. The fluorescence signal was widely observed in both

the cytoplasm and nucleus (Figure 8). The result indicated that loss

of the last valine-proline-containing (VP) motif did not change

subcellular localization of CsCRY1.1. But, whether CsCRY1.1

without the last VP motif can interact with the COP1/SPA

complex is still unknown.
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4 Discussion

Recently, low-light-stress frequently occurs worldwide. It has

the potential to induce excessive growth in stems, lead to a decrease

in female flowers, and consequently, reduce fruit production (Zhou

et al., 2022; Cao et al., 2023; Li et al., 2023). Cucumber is an

important crop cultivated in facilities, and also very sensitive to low-

light-stress. CS was commonly used in China modern cucumber

breeding with high-quality genome and very rich omics data

(Huang et al., 2009; Li et al., 2019). Utilizing CS, we established a

screening system for low-light-stress tolerance, revealing that blue

light and photoreceptor gene CsCRY1 may play significant roles in

this process. The photoreceptor genes play a crucial role in
B C

A

FIGURE 7

The transcripts read mapping (A) and RT-PCR results (B) of CsCRY1 under control and low-light-stress condition, RT-PCR results of CsCRY1 from
different tissues (C) (Rt, root; Sm, stem; Tl, tendril; Ap, Apical point; Yl, young leaves; Ml, young leaves; Ol, young leaves; Pe, petal; St, stigma; Pi,
pistil; Ov, ovary). CS was used as material. The PCR product size of splicing variant CsaV3_3G047490.1 was 141bp, the PCR product size of splicing
variant CsaV3_3G047490.1 was 270bp, The PCR product size of splicing variant CsaV3_3G047490.3 was 372bp, The PCR product size of splicing
variant CsaV3_3G047490.4 was 450bp, and The PCR product size of splicing variant CsaV3_3G047490.5 was 605bp.
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regulating flowering, growth, and production under low-light-

stress, particularly for CRYs and PHYs (Yu et al., 2010; Casal and

Fankhauser, 2023). There are three CRYs, but CRY3 does not

regulate hypocotyl elongation under low-light-stress (Yu et al.,

2010). CRY1 and CRY2 can interact with PIFs to regulate

hypocotyl growth in a limited blue light environment (de Wit

et al., 2016; Pedmale et al., 2016). The cry1cry2 double mutant, as

mentioned, displayed the most remarkable long hypocotyl

phenotype compared to the single mutant cry1 or cry2.

Additionally, in comparison to CRY2, CRY1 played a more

crucial role in inhibiting hypocotyl growth. Overexpression of

AtCRY1 can result in the failure of hypocotyl elongation under

low-light-stress. By elevating the CRY1-signaling activity in

soybean, its yield can be significantly enhanced under low-light

conditions (Lyu et al., 2021). The findings above suggested that

CRYs genes played a crucial role in regulating plant tolerance to

low-light-stress.

Most plants possess two well-characterized cryptochromes,

CRY1 and CRY2 (Wang et al., 2021). However, we found that the

CRY2 gene has been lost specifically over a long period of evolution

from wild to cultivated cucumber varieties. CRY2 can also regulate

photomorphogenesis, albeit playing a relatively minor role

compared with that of CRY1. CRY2 primarily mediated blue-light

photoperiodic control of floral initiation, and the cry2 mutant

exhibits a late-flowering phenotype (Yu et al., 2010; Liu et al.,

2018). Arabidopsis is a long-day (LD) flowering plant (Wang et al.,

2016). However, Xishuangbanna (XIS) cucumber, a semi-wild

cucumber, is strictly short-day plants, while cultivated cucumber

is day-neutral plants. The expression of FLOWERING LOCUS T

(FT) gene under LD and SD conditions is responsible for regulating

short-day flowering in the XIS cucumber (Song et al., 2023). In

Arabidopsis, CRY2 can promote FT gene expression by suppressing
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the degradation of the CO (CONSTANS) protein and activating

CIB1 (CRY2-interacting bHLH1) (Liu et al., 2018). CRY2 is highly

conserved, and it’s possible that cucumber CRY2 can also regulate

the FT gene expression under various photoperiod conditions.

Therefore, we can infer that the loss of CRY2 could be crucial for

cultivated cucumbers to become day-neutral plants.

In cucumber, only one CRY1 gene was identified, and we found

that CRY1 was also the highest-expressed photoreceptor gene.

Additionally, the blue light most effectively inhibits the elongation

of hypocotyls (Figure 2; Supplementary Figure 1). The findings

suggest that CsCRY1 plays a crucial role in cucumber’s response to

low-light-stress. The CRY1 protein, a highly conserved blue light

receptor, possesses an N-terminal domain (PHR) that has evolved

from DNA photolyase and a CCT domain (Yu et al., 2010; Wang

et al., 2021). The CCT domain can relay the blue light signals

perceived by PHR domain, and subsequently interact with the

WD40 domain of constitutive photomorphogenic1 (COP1) and

suppressor of phya-105 (SPA) in a blue light-specific manner (Yu

et al., 2007). Overexpression of CCT1 or CCT2 fused to b-
glucuronidase (GUS) resulted in a constitutive photomorphogenic

phenotype (shorted hypocotyls, enhanced anthocyanin production

and early flowering phenotype) (Yang et al., 2000). Moreover, the

homodimerization of CRY1 is crucial for the function of CCT (Sang

et al., 2005). Hence, CCT domain of CRY1 is very important.

The CCT domain of CsCRY1 in cucumber was not intact,

lacking the last VP motif. In contrast, AtCRY1 carried 3 VP motifs

in its CCT domain, while CRY2 only carried 1 VP motif. COP1-

SPAs complex usually interacted with the proteins possessing VP

motifs (Holm et al., 2001). In Arabidopsis, it was demonstrated that

the VP motif in CRY2 was necessary for the CRY2–COP1

interaction (Zuo et al., 2011; Ponnu et al., 2019). Moreover, GFP-

CRY2 fully complemented the elongated hypocotyl phenotype of
FIGURE 8

Subcellular localization of CsCRY1.1 CsCRY1.1-GFP fusion proteins and GFP were transiently expressed in tobacco leaves under control of the CaMV
35S promoter and observed under a laser scanning confocal microscope, GFP images, DAPI stained images, differential interference contrast images
(DIC), and merged images were taken.
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cry1 cry2 in blue light. In contrast, The GFP-CRY2-VP with a

mutated VP motif failed to complement the cry1 cry2 mutant

phenotype (Ponnu et al., 2019). Therefore, the VP motif plays a

crucial role in the CRYs’ function. Furthermore, it was reported that

AtCRY2 is exclusively localized in the nucleus. On the other hand,

AtCRY1 is present in both the nucleus and cytoplasm, regardless of

light or dark conditions, without experiencing a significant

alteration in its relative subcellular concentration (Yu et al.,

2010). Additionally, it is the nuclear, rather than cytoplasmic,

form of CRY1 that effectively inhibits growth (Wu and Spalding,

2007). Here, we found that the subcellular localization of CsCRY1.1

was same to AtCRY1 and GFP. The fluorescence signal was widely

observed in both the cytoplasm and nucleus (Figure 8). The result

indicated that loss of the last VP motif did not change subcellular

localization of CsCRY1.1. However, it remains unclear whether

CsCRY1.1, which lacks the VP motif, can interact with the COP1/

SPA complex.

Through AS, one gene locus can be used to produce multiple

crucial mRNA splicing variants with different coding sequences by the

spliceosome for coping with fluctuating light environments in

eukaryotes (Kathare and Huq, 2021). In Arabidopsis, it was reported

almost 85% of genes were multiexon, and 70% of them were

alternatively spliced (Martıń et al., 2021). Among them, several

crucial factors in the light signaling pathway, including PIF3, PIF6,

ELONGATED HYPOCOTYL5 (HY5), and SPA3, undergo alternative

splicing (Kathare and Huq, 2021). In this study, we present a novel

alternative splicing (AS) event in cucumber, specifically the 5’SS of

CsCRY1. This AS event results in the production of a unique and

distinct CsCRY1.1 protein variant that lacks the VP motif found at the

protein’s C-terminus. This novel CsCRY1.1 protein variant may play a

pivotal role in the adaptive response of cucumber, a specialized crop, to

low-light-stress.
5 Conclusions

In this study, we establish an efficient system for evaluation of

cucumber low-light-stress tolerance. One cucumber material CR was

screened out. Furthermore, a total of 11 photoreceptor genes (CRYs,

UVRs, PHYs, PHOTs) were identified in cucumber, including 2 CRYs

genes, CsCRY1 and CsCRY3. Transcriptome data revealed thatCsCRY1

had the highest expression level and was induced expression.

Additionally, blue light can most effectively inhibit hypocotyl

elongation. CsCRY1 was lost 70 aa in CCT domain. Through single-

molecule long-read sequencing and transcriptome analysis, we also

found that CsCRY1 suffer 5’SS in the last intron leading to forming five

splicing variants. Among them, CsaV3_3G047490.1 was predicted to

encode the CsCRY1 protein in the reference genome. And its

expression was also induced by low-light-stress, which was

confirmed by RNA-seq and RT-PCR experiment. Taken together,

these results provided crucial information for further research and

utilization of CsCRY1 in cucumber.
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Dynamic plant spacing in tomato
results in high yields while
mitigating the reduction in
fruit quality associated with
high planting densities
Margarethe Karpe, Leo F. M. Marcelis* and Ep Heuvelink

Horticulture and Product Physiology, Department of Plant Sciences, Wageningen University &
Research, Wageningen, Netherlands
High planting densities achieve high light interception and harvestable yield per

area but at the expense of product quality. This study aimed tomaintain high light

interception without negative impacts on fruit quality. Dwarf tomato was grown

at four densities in a climate-controlled room—at two constant densities (high

and low) and two dynamic spacing treatments (maintaining 90% and 75% ground

coverage by decreasing planting density in 3–4 steps)—resulting in ~100, 19, 54,

and 41 plants/m2 averaged over 100 days of cultivation, respectively. Constant

high density resulted in the highest light use efficiency (LUE; 7.7 g fruit fresh

weight per mol photons incident on the canopy) and the highest harvestable fruit

yield (11.1 kg/m2) but the lowest fruit size and quality. Constant low density

resulted in the lowest LUE and yield (2.3 g/mol and 3.2 kg/m2, respectively), but

higher fruit size and quality than high density. Compared to low density,

maintaining 90% ground coverage increased yield (9.1 kg/m2) and LUE (6.4 g/

mol). Maintaining 75% ground coverage resulted in a 7.2 kg/m2 yield and 5.1 g/

mol LUE. Both dynamic spacing treatments attained the same or slightly reduced

fruit quality compared to low density. Total plant weight per m2 increased with

planting density and saturated at a constant high density. Assimilate shortage at

the plant level and flower abortion lowered harvestable fruit yield per plant,

sweetness, and acidity under constant high density. Harvestable fruit yield per

plant was the highest under dynamic spacing and low density. Under constant

high density, morphological responses to lower light availability per plant—i.e.,

higher specific leaf area, internode elongation, and increased slenderness—

coincided with the improved whole-plant LUE (g plant dry weight per mol

photons). We conclude that a constant high planting density results in the

highest harvestable fruit yield per area, but with reduced fruit quality. Dynamic

spacing during cultivation produces the same fruit quality as constant low

density, but with more than double the harvestable yield per area.
KEYWORDS

light interception, planting density, dry matter partitioning, light use efficiency, dynamic
spacing, dwarf tomato
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1 Introduction

Agriculture aims to maximize yield and product quality to meet

increasing consumer demands for nutritious food (Godfray et al.,

2010). Optimizing planting density benefits both productivity per

unit of cultivation area and product quality. At the start of

cultivation, the total leaf area covering 1 m2 of cultivation area

[leaf area index (LAI)] is low. Most of the incoming light is not

intercepted by leaves and therefore lost for growth and yield

formation. Consequently, growing small plants at high planting

densities is favorable to increasing light capture, which drives

subsequent physiological processes. Maximum light interception

is usually reached at LAIs of three to four, with hardly any gain—

but increasing competition for light—at higher LAIs (Heuvelink

et al., 2004; Postma et al., 2021).

The degree of competition between plants continuously changes

during growth and results in resource competition between

individual plants at higher densities if resource availability is

constant (Postma et al., 2021). Competition and resource

limitations start once plants receive signals of neighboring plants’

proximity (Postma et al., 2021). Proximity (shading) signals from

nearby vegetation include reduced light intensity, an increased red-

to-far-red ratio (Franklin, 2008), and the touching of leaves (de Wit

et al., 2012). Competition responses in dense canopies include

limitations in biomass assimilation, changes in assimilate

partitioning within the plant, and morphological adaptations to

low-light environments (Franklin, 2008; Weiner and Freckleton,

2010; Postma et al., 2021). At high planting densities, plants are

expected to have thinner leaves, thinner stems, more leaf

senescence, and a lower reproductive effort (i.e., fruiting success;

Postma et al., 2021). In tomatoes, high planting density—provided

it is not so high that it prevents plants from producing enough

assimilates to support generative growth—can hamper fruit set

(Heuvelink, 1995; Amundson et al., 2012) and reduces fruit size and

thus marketability, but it increases fruit yield per unit cultivation

area (Cockshull and Ho, 1995).

In controlled environments where plants are commonly

cultivated out of the soil, planting density can be managed

through dynamic spacing to improve the efficiency of light and

space. Especially in indoor plant production systems with solely

artificial lighting (e.g., vertical farms), cultivation areas and

electricity for light are expensive. Lighting was reported to

constitute up to 80% of a vertical farm’s energy costs (Zeidler

et al., 2017; Graamans et al., 2018; Kozai et al., 2019; Liu et al., 2023).

If initially high planting densities can be reduced in several steps to

maintain a constant degree of plant–plant competition while using

available light efficiently, high productivity per cultivation area can

be achieved, and fruit quality reductions can be avoided. Dynamic

spacing during the cultivation of numerous crops, including dwarf

tomato, is technically possible and viable with increasing

automation. Few papers have been published on dynamic spacing

(Leakey, 1971; Cockshull and Ho, 1995; Ioslovich and Gutman,

2000). Their applicability to commercial indoor production with

artificial light spectra (which is often without far-red; Poorter et al.,

2016) is limited mainly due to the presence of the solar light
Frontiers in Plant Science 0270
spectrum. Further limitations to implementing findings of those

previous studies on indoor cultivation are 1) the choice of crop

(barley in Leakey, 1971; high-wire tomato in Cockshull and Ho,

1995), 2) the applicability of the method to increase planting density

during cultivation (resowing in Leakey, 1971; retention of

additional high-wire tomato side shoots in Cockshull and Ho,

1995), and 3) the chosen mathematical modeling approach to

determine optimal spacing in the absence of experimental

validation (Ioslovich and Gutman, 2000).

We aimed to determine the effects of frequently decreasing

planting density during cultivation on harvestable tomato fruit yield

(per plant and per m2), light use efficiency (LUE; harvestable fruit

yield per incident mol of photons), and consequences for fruit

quality. We hypothesized that decreasing planting densities in

tomato cultivation while maintaining a high ground coverage of

90% would outperform a constant high planting density due to

trade-offs between fruit quality and harvestable yield under a

constant high planting density. Constant high planting density

was expected to result in morphological adaptations to low-light

environments, such as undesired flower abortion and fewer, smaller

fruits but also a more elongated, open architecture that benefits light

interception throughout the canopy. A constant low planting

density was hypothesized to intercept the lowest fraction of

incident photons and to have the lowest harvestable yield per

cultivation area and thus the lowest LUE. A fruit crop, the

commercially available dwarf tomato cultivar “Plum Tomato

Red”, was chosen as the experimental crop.
2 Materials and methods

2.1 Plant material and experimental setup

Dwarf tomato (Solanum lycopersicum “Plum Tomato Red”,

Vreugdenhil, De Lier, the Netherlands) was grown in 12

compartments (plots; 150 × 100 × 83 cm, L × W × H) in a

climate-controlled room at 22°C/19°C air temperature, 16-hour

photoperiod, 70% relative humidity, and 800 ppm CO2. Seeds were

sown into stonewool plug trays (Rockwool Grodan, Roermond, the

Netherlands), covered with a layer of vermiculite, kept 24 hours in

the dark in the climate chamber, and then exposed to an incident

photosynthetic photon flux density (PPFD) of 213 ± 2.2 µmol m−2

s−1 which was provided by red (R; 600-700 nm) and blue (B; 400-

500 nm) LEDs (89% R and 11% B; Philips, GPL PM 210

DRBWFR_R L150 3.1 C4; Phytochrome Photostationary State

(PSS) 0.89, based on Sager et al., 1988). Initial incident PPFD was

measured at stonewool block height with a quantum sensor (LI-

COR, LI-250A Lincoln, NE, USA). On day 19 after sowing,

seedlings with two true leaves were transplanted into stonewool

blocks (10 × 10 × 7 cm, L ×W ×H). Side shoots were removed twice

a week upon appearance. Plants were pruned to three trusses with

nine flowers each and supported with wooden sticks on day 28 after

transplanting (DAT). Plants were grown for 100 DAT. Ebb-and-

flow irrigation with nutrient solution was supplied twice per week

from 0 to 50 DAT and daily from 50 to 100 DAT. The nutrient
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solution (electrical conductivity 2.1 dS/m, pH 5.5) contained 1.2

mM NH4
+, 7.2 mM K+, 4.0 mM Ca2+, 1.8 mM Mg2+, 12.4 mM

NO3
−, 3.3 mM SO4

2−, 1.0 mM PO4
2−, 35 µM Fe3+, 8.0 µMMn2+, 5.0

µM Zn2+, 20 µM B, 0.5 µM Cu2+, and 0.5 µM MoO4
2−.
2.2 Treatments

Four treatments, with two constant planting densities (high

density and low density) and two dynamic spacing treatments (90%

ground coverage [GC] and 75% GC), resulted in 100, 19, 54, and 41

plants/m2 averaged over 100 days from transplant to destructive

harvest (detailed information on spacing in Supplementary S1).

High planting density was chosen based on the smallest stonewool

block size (10 × 10 × 7 cm) available for growing dwarf tomato. Low

planting density was chosen based on information provided by the

breeder, who reported a final plant distance of 25 cm for “Plum

Tomato Red” plants (Petra Molenaar, pers. comm.), which was

implemented in a checkerboard pattern (25-cm interplant distance

within rows and 21.6-cm distance between rows). On 0 DAT, the

dynamic spacing treatments were arranged identically to the high

density. Ground coverage was measured twice per week using the

smartphone application “Canopy Cover Free” (based on the “Easy

Leaf Area” software, Easlon and Bloom, 2014; Supplementary S1).

When ground coverage exceeded 90% and 75% for the 90% GC and

75% GC treatments, respectively, plants were manually spaced apart

to 90% and 75%, respectively. Spacings, and thus a reduction in

ground coverage, took place under 75% GC on 21, 35, 42, and 49

DAT and under 90% GC on 28, 42, and 49 DAT (Figure 1A).
2.3 Plant morphology

Truss and flower pruning to three trusses with nine flowers each

allowed for a maximum of 27 fruits per plant. Measurements were

performed on each of the 12 replicate plants per plot. Flower and

green fruit numbers were recorded weekly. Harvest of fully red-ripe

fruits took place twice per week from 70 to 100 DAT. Harvested

fruits were recorded for each plant. Fruit number and fresh weight

were recorded collectively for each truss position per plot. The 100-

day and annual harvestable yields (3.65 times 100-day yield) of 1 m2

were calculated based on the average planting density and yield per

plot (i.e., 12 plants; Figure 2B). At each harvest, up to three fruits

from the three truss positions per plot were used to determine

individual fruit weight and quality parameters. Fruits were dried in

a ventilated oven for 48 hours (4 hours at 70°C and 44 hours at 105°

C) to determine dry weight. On 99 DAT, the temperatures of a top

leaf and the stem base of each plant were measured using an

infrared thermometer (Fluke 63 Infrared Thermometer).

On 100 DAT, all remaining ripe and unripe fruits were

harvested. Fruits with blossom-end rot were excluded from the

harvestable fruit yield and were not considered in the calculation of

dry matter partitioning. Green fruits were considered for calculating

dry matter partitioning but were not considered as harvestable

yield. Before destructively harvesting plants from their plot,
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dropped leaves were collected from underneath the canopy and

included in the leaf dry weight. Plants were dissected into leaves and

stems (including trusses), and the existing leaves and leaf scars were

counted. Stem diameter was measured using a caliper at the stem

base along the smaller side of the cross-section. Stem length from

the stem base to the beginning of the top leaf or truss was measured

using a measuring tape. Leaf area was determined using an LI-3100

Area Meter (LI-COR, Lincoln, UK) and used to calculate the final

LAI. Stonewool blocks, including roots, were discarded. All above-

ground plant material was oven-dried for 48 hours (4 hours at 70°C

and 44 hours at 105°C).
2.4 Yield components and light-
use efficiency

Treatment effects on fresh fruit weight were analyzed based on

the underlying yield components (Figure 2). Total fruit fresh weight

refers to green and red-ripe fruit dry weight divided by fruit dry

matter content. Total fruit dry weight depends on plant dry weight

and assimilate partitioning to fruits. Plant dry weight accumulation

is driven by light interception. Plant morphological parameters such

as LAI, plant compactness, dry matter allocation, and specific leaf

area influence the plants’ efficiency in converting light into biomass.

Harvested fruit fresh weight per plant is the product of the red-ripe

fruit number per plant and their mean individual fruit fresh weight.

Incident and intercepted LUE were calculated as the ratio of

harvested fruit fresh weight (g/m2 over 100 days) to the cumulative

incident and intercepted PPFD, respectively. Intercepted light was

estimated to be the product of the incident daily light integral (DLI;

cumulative PPFD per day) and ground coverage, which was

measured twice per week and linearly interpolated to obtain daily

values. Incident DLI was calculated based on canopy height and

PPFDmeasurements at different canopy heights. Daily canopy height

was calculated based on weekly measured canopy height (from 0 to

42 DAT) and individual plant height measurements on 99 DAT and

linear interpolation between measurements (Supplementary S3).

Canopy-incident PPFD increased from 213 ± 2.2 µmol m−2 s−1

(12.5 mol m−2 day−1) at the cultivation start to 249 ± 2.8 µmol m−2 s−1

(14.3 mol m−2 day−1) at the final average canopy height (indicated as

a gray line in Figure 1C; Supplementary S3C).
2.5 Fruit quality

Fruit quality measurements were performed on red-ripe harvested

fruits without blossom-end rot that were not located in the first

position of the truss. Individual fruit fresh weight, length, diameter,

and hardness were measured. Fruit hardness, expressed as the

maximum force (N) needed for penetration of the probe (2.5 mm

diameter) into the fruit through the tomato skin, was measured using a

Zwick machine (Zwick/Roell 2.5kN zwicki RetroLine, Ulm, Germany).

Fruits were held in place by a perforated metal cylinder (outer diameter

19.9 mm, inner diameter 8.3 mm, height 23 mm, and hole depth 18

mm). Then, the juice of individual fruits was squeezed into Eppendorf
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tubes, from which one drop was transferred to the Atago Pocket Brix-

Acidity Meter (PAL-BX|ACID Fukaya-Shi, Saitama, Japan) to

determine the total soluble solid content (°Brix). The tubes were

stored at −80°C. After defrosting, fruit juice was diluted 50-fold with

pure water to measure the titratable acid content (% citric acid) using

the Atago Pocket Brix-Acidity Meter (Fanwoua et al., 2019; Ji et al.,

2019; Ji et al. 2020).
2.6 Statistical setup and analysis

The experiment was designed as a randomized complete block

design with four treatments and three replications in space, with
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repetitions in space representing the blocks. Nevertheless, no block

effects were found; thus, the data were analyzed using a completely

randomized design. Each plot consisted of 12 replicate plants (three

rows of four plants), which were surrounded by a row of border

plants. The Shapiro–Wilk test was applied to test for the normality

of the residuals. Equal variances were assumed due to the low

number of replicates. A one-way analysis of variance (ANOVA) was

conducted followed by mean separation according to Fisher’s

protected least significant difference (LSD) test (p = 0.05). In one

occasion (intercepted DLI per plant in Table 1), the normality of

residuals was rejected by the Shapiro–Wilk test; the QQ plot was

examined visually, and the data were deemed adequate to perform a

subsequent ANOVA.
A

B

D

C

FIGURE 1

(A) Ground coverage, (B) resulting planting densities, (C) incident (in gray) and intercepted daily light integral (DLI; in colors) per day after transplant,
and (D) representative canopy photos taken on 56 DAT per density treatment. In (A) ground coverage after the spacing of the plants is indicated with
an x. In (C) the light gray line indicates incident daily light integral (DLI) at average canopy height across all treatments. The density treatments
resulted in 100, 54, 41, and 19 plants per m2 averaged over the whole growth cycle.
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3 Results

3.1 High planting density increased light
interception, especially during
early cultivation

Higher planting density resulted in higher ground coverage and

hence higher light interception, particularly early during cultivation

(Figure 1). Incident PPFD at the canopy top slightly increased when

the canopy grew in height. Canopy height was slightly larger at high

density (Table 1).

Ground coverage was used as a proxy for the fraction of the

intercepted PPFD. The initial increase in ground coverage over time

was due to the rapid leaf expansion of young plants (0–20 DAT in

Figure 1A). From 21 DAT, manual spacing primarily determined
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ground coverage differences between the density treatments. During

fruiting (75–100 DAT), numerous fruits were located on top of the

canopy and were (falsely) detected as leaf areas while they were

green and as non-leaf areas while they were red.
3.2 Higher light interception resulted in
more plant and fruit biomass

Differences in light interception (Figures 1C, 3F) were primarily

caused by differences in ground coverage, which decreased by 43%

at low density compared to high density. Differences in incident

PPFD were less of a consequence of differences in plant height,

which varied by a maximum of 11% (75% GC compared to high

density in Table 1). In addition to the resulting highest light
TABLE 1 Plant morphological parameters, canopy-incident daily light integral (DLI), and intercepted DLI per plant.

High density 90% GC 75% GC Low density p-Value of
F-statistic

Canopy height averaged over 100 days (cm) 20.6 a 19.5 b 18.3 c 18.4 c 0.00***

Incident light intensity averaged over 100 days (mol
m−2 day−1)

14.4 a 14.2 b 14.1 c 14.1 c 0.00***

Intercepted light intensity averaged over 100 days (mol
day−1 per plant)

0.12 c 0.20 b 0.22 b 0.38 a 0.00***

Internode length (cm) 2.4 a 2.1 ab 2.0 b 1.9 b 0.02*

Basal stem diameter (mm) 6.1 c 8.5 b 9.0 a 9.0 a 0.00***

Slenderness (%; cm/cm) 0.4 a 0.3 b 0.2 c 0.2 c 0.00***

Specific stem length (cm/g) 11.3 a 5.2 b 4.1 bc 3.7 c 0.00***
Letters indicating significant differences [least significant difference (LSD) test] between treatments and the p-value of the F-statistic are provided (*p < 0.05 and ***p < 0.001). Data are the means
over three blocks (n = 3), each with a canopy consisting of 12 replicate plants. The density treatments resulted in 100, 54, 41, and 19 plants per m2 on average.
GC, ground coverage.
A B

FIGURE 2

Yield components (A) based on light interception, dry matter partitioning, and fresh weight to dry weight ratio, and (B) based on fruiting success rate,
fruit number and size, and average planting density. Gray boxes indicate fixed parameters.
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interception (Figure 3F), a constant high planting density produced

the highest total fruit fresh weight per m2 (Figure 3A), although the

total fruit dry weight per m2 was not significantly different from

90% GC (Figure 3B). Whole-plant dry weight per m2 was the

highest at high density and 90% GC (Figure 3E). The efficiency of a

plant to convert light that was intercepted at the top leaves to plant

dry weight was highest at 90% and 75% GC, lower at high density,

and lowest at low density (Figure 3G). Whole-plant incident LUE

was higher at higher planting densities (Figure 3G).

A slightly higher partitioning of dry matter to fruits was

observed at high density compared to low density (Figure 3D).

Dry matter partitioned to the leaves did not differ significantly

between the density treatments, but dry matter partitioned to the

stem increased from high to low density (Figure 4). Absolute stem

dry weight and absolute leaf dry weight per plant on day 100 were

more than doubled under all other densities compared to

high densities.
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3.3 High planting density resulted in the
highest fruit yield per area despite fruit
yield reductions per plant

High density resulted in 11.1 kg/m2 fruit weight of red-ripe

harvested fruits over 100 days. Thus, 40.5 kg/m2 annual harvestable

fruit yield can be obtained under continuous high-density

cultivation. Compared to high density, the dynamic spacing and

low-density treatments resulted in 18%, 36%, and 71% reductions in

red-ripe fruit fresh weight per m2 (Figure 5; Supplementary S4). At

the plant level, high density resulted in reduced productivity: it had

the lowest fruit fresh weight per plant, individual fruit fresh weight,

fruit number per plant, and also the lowest fraction of flowers that

turned into harvested ripe fruits (fruiting success rate; i.e., most

flower abortion and non-ripened fruits on 100 DAT). High density

yielded on average 2.83 unripe fruits per plant on day 100, more

than 90% GC (0.94 unripe fruits), 75% GC (0.94 unripe fruits), and
A

B

D E

F G

C

FIGURE 3

Effects of planting density on yield components constituting the total fruit fresh weight of all (red-ripe and green) fruits from a 1-m2 cultivation area
over 100 days: (A) total fruit fresh weight, (B) total fruit dry weight, (C) fruit fresh weight to dry weight ratio, (D) dry matter partitioned to fruits,
(E) cumulative whole-plant dry weight, (F) intercepted daily light integral (DLI), and (G) intercepted (full color) and incident (striped) whole-plant light
use efficiency. The letters indicate significant differences [least significant difference (LSD) test, p = 0.05]. Data are the means over three blocks
(n = 3), each with a canopy consisting of 12 replicate plants, surrounded by border plants. Error bars indicate standard errors of means. The density
treatments resulted in 100, 54, 41, and 19 plants per m2 on average.
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low density (0.56 unripe fruits). No significant density-driven

temperature differences were observed: on 98 DAT, neither the

temperatures of leaves at the top of the canopy nor those of stems

close to its base were statistically different between the treatments.

There was no noticeable difference between treatments regarding

the timing of flowering and fruit ripening (Supplementary S5).
3.4 Plants grown at higher planting
densities converted light more efficiently
into fruit yield

Higher planting density resulted in a higher efficiency of plants in

converting incident and intercepted PPFD into red-ripe fruits

(Figure 6). Intercepted DLI per plant was more than tripled (+206%)

at low density compared to high density (Table 1), while fresh fruit
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weight per plant was 55% higher (Figure 5). Internode elongation with

increasing density showed that plants were less compact at high

density (Table 1). Stem diameter was reduced at high density

(Table 1). Thus, plant slenderness (height of plants over diameter of

stems) and specific stem length (stem length divided by stem mass)

were higher at high density (Table 1). At low density, leaf area per plant

was 55% and leaf dry weight 192% higher than at high density,

resulting in reductions in specific leaf area (Figure 7). Each plant

initiated on average 10.8 leaves, with no significant differences between

treatments. High-density plants had dropped on average 4.9 of their

lowest leaves until day 100, thus resulting in a higher observed dry

matter partitioning to fruits compared to leaves at the final harvest.

Leaf dropping occurred less in the other densities (maximum 0.75

leaves per plant under low density). LAI on day 100 (excl. senescent

leaves) was highest at high density (6.7), lower at 90% GC (3.9), and

lowest at 75% GC and low density (2.1 and 2.2, respectively).
FIGURE 5

Effects of planting density on yield components constituting fruit fresh weight (FW) of red-ripe harvested fruits from a 1-m2 cultivation area over 100
days. Percentages are the increments compared to high density. High density resulted in 11.1 kg fruit FW m−2, 111 g fruit FW per plant; 100 plants/m2

average planting density; 19.4 harvested fruits per plant; 5.7 g average FW per fruit; 27 flowers per plant (plants had been pruned to 27 flowers); and
a 72% flower fruiting success rate. *p < 0.05, **p < 0.01, and ***p < 0.001. Data are the means over three blocks (n = 3), each with a canopy
consisting of 12 replicate plants.
FIGURE 4

Effects of planting density on the fraction of dry matter partitioned among all (red-ripe and green) fruits, stem plus trusses, and leaves. Means
followed by different letters indicate significant differences [least significant difference (LSD) test, p = 0.05]. Data are the means over three blocks (n
= 3), each with a canopy consisting of 12 replicate plants. The density treatments resulted in 100, 54, 41, and 19 plants per m2 on average. GC,
ground coverage.
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3.5 Dynamic spacing mitigated fruit
quality-reducing effects of high
planting density

Fruit quality was reduced at high density (Table 2). No or

marginal fruit quality differences were observed between 90% GC,

75% GC, and low density. Individually measured fresh fruit weight

and fruit size were reduced at high density. Individual fruit weight

measurements were consistent with the results of the calculated

individual fresh fruit weight (total fresh fruit weight divided by fruit

number; Figure 5). At high density, fruit hardness, total soluble

solid content, and citric acid content were the lowest. The ratio

between soluble solids and acidity was not significantly different

between treatments. Blossom-end rot in red-ripe fruits hardly

occurred; however, more fruits were affected at low density (2.5%)

compared to all other densities (0.3%–0.5%). The variability of fruit

length and diameter within each plot did not differ significantly

between planting densities, but total soluble solid content was less

uniform at constant high density compared to all lower

densities (Table 2).
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4 Discussion

4.1 Maintaining high ground coverage
based on canopy photos improves space
and light use

Dynamic spacing can be used to maintain high ground coverage

to allow for efficient use of incident light while avoiding

competition-induced assimilate shortages at the plant level. Much

light is lost when plants are young and do not intercept all available

light. Light is also lost after seedlings are transplanted to pots or

substrate blocks. Providing far-red light (700–750 nm) can

accelerate early leaf expansion, canopy closure, and subsequent

light interception (Jin et al., 2021; Carotti et al., 2023) until dynamic

spacing is adequate to control ground coverage.

In our experiment, growing transplanted seedlings at the

maximum possible density resulted in faster canopy closure and

higher daily light interception than under low density (Figure 1C).

The steep increase in ground coverage under 100 plants/m2 during

early cultivation indicates that dynamic spacing is advantageous
FIGURE 7

Effects of planting density on leaf area, specific leaf area, and leaf dry weight per plant on day 100. Percentages are the increments compared to
high density. High density resulted in 733 cm2 leaf area per plant, 203 cm2/g specific leaf area, and 3.6 g leaf dry weight per plant. **p < 0.01, and
***p < 0.001. Data are the means over three blocks (n = 3) each with a canopy consisting of 12 replicate plants.
A B

FIGURE 6

Light use efficiency (LUE) of (A) incident and (B) intercepted photosynthetic photon flux density per density treatment. Fruit fresh weight refers to
harvested red-ripe fruits over 100 days. The letters indicate significant differences [least significant difference (LSD) test, p = 0.05]. Data are the
means over three blocks (n = 3) each with a canopy consisting of 12 replicate plants. Error bars indicate standard errors of means. The density
treatments resulted in 100, 54, 41, and 19 plants per m2 on average.
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over growing plants constantly at the spacing treatment’s average

planting density (e.g., constant 54 plants/m2 instead of step-wise

decreasing density from 100 to 32.5 plants/m2 at 90% GC;

Supplementary Table S1C). Accelerating canopy closure during

early cultivation by growing at high planting density allows for

higher intercepted DLI (Figure 1) and whole-plant LUE

(Figure 3G), which result in more biomass and fruit yield per

cultivation area (Figures 3E, A). Nevertheless, planting density must

be reduced before plants develop yield-reducing responses to high

densities, such as flower abortion (Papadopoulos and Ormrod,

1991). By maintaining 90% ground coverage, a percentage close

to 100%, we aimed for a high harvestable fruit yield without

reducing quality.

Ground coverage was measured based on bird’s-eye view

photos of the canopy, which is easily applicable, fast, and non-

destructive. Yet, actual light interception occurs at multiple leaf

layers, not only at the top leaves. We decided against dynamic

spacing based on LAI since LAI determination requires regular

destructive measurements and lacks practicability for

implementation in commercial vertical farms. Utilizing the app

“Canopy Cover Free”, ground coverage was determined based on

the ratio of green (500–600 nm) to red (600–700 nm) in the photo

(Easlon and Bloom, 2014).
4.2 Individual plants experience assimilate
shortage at very high planting densities

Light interception depends on the percentage of cultivation area

covered by plants. In line with Postma et al. (2021), we showed that

planting density affects plant dry weight per cultivation area

(Figure 3E) and light interception (Figure 3F). Under constant
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high planting density, the final whole-plant dry weight per area was

not significantly higher than at 90% GC, which indicates a lower

assimilate availability per plant. Further, the dropping of lower,

shaded leaves at high density caused an underestimation of the total

dry weight produced per plant over 100 days. Dropped leaf biomass

was collected from underneath the dense canopy prior to the

destructive harvest, but in the meantime, leaf dry weight was lost

through decomposition. Lost leaf biomass resulted in an

underestimation of dry matter partitioning to leaves and an

overestimation of dry matter partitioning to fruits and stems

(Figures 3D, 4). Under constant high density, dry matter

partitioned to fruits was higher compared to lower densities, but

the fruit number per plant was lower. Thus, we propose that the

sink strength of individual fruits may have increased under constant

high density. Distal fruits on a truss were reported to have a lower

fruit sink strength than fruits located higher on the truss (Bertin,

1995). At high density, mostly distal flowers were aborted.

Consequently, individual fruit sink strength at high densities may

have been higher than under lower densities.
4.3 Flower abortion and reduced assimilate
availability limit fruit yield per plant at high
planting density

Higher planting density resulted in higher plant dry weight, fruit

dry weight, and fruit fresh weight per cultivation area (Figures 3E, B,

5). Similarly, harvestable greenhouse tomato yield per area was

reported to increase under constantly higher (Heuvelink, 1995) or

dynamically increased stem densities (Cockshull and Ho, 1995).

Postma et al. (2021) found that total and generative dry weight per

area increases with planting density, but only until a density threshold
TABLE 2 Fruit quality parameters of red-ripe fruits based on individual fruit measurements per density treatment between 70 and 100 DAT (total fruit
n = 835, with high-density n = 181, 90% GC n = 218, 75% GC n = 226, and low-density n = 210).

High density 90% GC 75% GC Low density p-Value of F-statistic

Fruit weight (g per fruit)
6.0 b

CV 0.15 a
7.3 a

CV 0.11 b
7.4 a

CV 0.13 ab
7.6 a

CV 0.13 ab
0.00***
0.11 ns

Fruit length (mm)
22.7 b

CV 0.06 a
24.8 a

CV 0.05 a
25.0 a

CV 0.05 a
25.0 a

CV 0.05 a
0.00***
0.50 ns

Fruit diameter (mm)
21.1 b

CV 0.07 a
22.4 a

CV 0.06 a
22.3 a

CV 0.07 a
22.8 a

CV 0.07 a
0.00***
0.40 ns

Fruit hardness (Nmax)
5.5 c

CV 0.21 b
7.2 ab

CV 0.23 b
7.4 a

CV 0.23 ab
6.7 b

CV 0.26 a
0.00***
0.07 ns

Total soluble solids (°Brix)
6.6 c

CV 0.11 a
8.9 b

CV 0.06 b
9.4 a

CV 0.05 b
9.4 a

CV 0.04 b
0.00***
0.00***

Titratable acids (% citric acid)
0.8 b

CV 0.25 a
1.0 a

CV 0.27 a
1.0 a

CV 0.26 a
1.0 a

CV 0.24 a
0.00***
0.81 ns

Ratio of total soluble solids to titratable acid
9.4 a

CV 0.33 a
9.6 a

CV 0.34 a
9.8 a

CV 0.36 a
9.9 a

CV 0.25 a
0.58 ns

0.55 ns

Blossom end rot (% of all red-ripe harvested fruits) 0.5 b 0.3 b 0.5 b 2.5 a 0.07 ns
Letters indicating significant differences [least significant difference (LSD) test] between treatments and the p-value of the F-statistic are provided (***p < 0.001). Data are the means over three
blocks (n = 3) each with a canopy consisting of 12 replicate plants. The coefficient of variation (CV) within a plot is shown in italics. The density treatments resulted in 100, 54, 41, and 19 plants
per m2 on average.
GC, ground coverage; ns, non-significant difference.
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is exceeded and plant-level resource deficiencies inhibit growth. In

our experiment, whole-plant dry weight per cultivation area

(Figure 3E) and productivity per plant (Figure 5) showed those

density-driven limitations under constant high density. For

instance, the lowest flowers per plant (max. 27) developed into red-

ripe fruits compared to all other densities due to higher flower

abortion, higher breaking-off of green fruits, and possibly slower

ripening (Figure 5; Supplementary Figure S5B). The latter indicates

that plant development was slowed down by a few days at constant

high density; thus, marginally more harvestable fruit yield could be

obtained with a longer cultivation cycle for the remaining green fruits

to turn fully red, but at the expense of LUE.

Interestingly, we did not find a significant vertical temperature

gradient within the canopies. Still, temperature gradients within

dense canopies can be expected, especially since controlled

environments are generally characterized by lower wind speeds

compared to open-field production (Poorter et al., 2016). Postma

et al. (2021) mentioned a possible (temperature-driven) 2% increase

in days until flowering for a wide range of species when planting

density is doubled. Source-sink ratios rarely affect flowering rate (de

Koning, 1994). However, possibly, fewer assimilates were available to

distal fruits on the truss (Bertin, 1995)—like the ones that remained

green until day 100 under the high-density treatment (Figure 5).

Assimilate partitioning to the fruits and, consequently, the

harvest index (HI; fruit dry weight over total above-ground plant

dry weight) in tomatoes is impacted by crop maintenance. For

instance, side-shoot removal and pruning affect plant morphology

and biomass allocation in the plant. Langenfeld and Bugbee (2023)

reported HI (based on fresh weight) ranges of <8% to 46% for eight

dwarf tomato cultivars (note that these fractions would have been

lower when expressed on a dry mass basis, as the dry matter content

of tomato fruits is lower than that of leaves and stems). Those eight

cultivars received no side-shoot removal (Noah Langenfeld, pers.

comm.), which certainly resulted in higher assimilate partitioning to

vegetative plant organs and reduced HI. In our experiment, dry

matter partitioning to fruits was above 50% for all densities.
4.4 Plant acclimation to high planting
densities increases light use efficiency

Generally, it is expected that incident LUE increases with higher

planting densities (Figure 6A; Jin et al., 2023). Postma et al. (2021)

found that yield reductions per cultivation area when doubling

planting densities are smaller than reductions in resource use (e.g.,

space and light); thus, resource use efficiency increases. We

observed marginal increases in incident PPFD due to a slight

increase in canopy height with increasing planting density and

because PPFD was higher closer to the lamps (Table 1). Within a

canopy, most incident light is usually intercepted at an LAI of three

to four in a wide range of crops, with hardly any gain at higher LAIs

(Heuvelink et al., 2004; Postma et al., 2021). At the final harvest,

high density resulted in an excessively high LAI despite the prior

dropping of leaves, 90% GC in a desirable LAI, and 75% GC and low

density in low LAIs.
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Maximum reported incident LUE ranges from 1.26 to 1.81 g dry

weight per mol photons for canopies that intercept 90%–95% of

incident light (e.g., Loomis and Williams, 1963; Zhu et al., 2010; in

Jin et al., 2023). Whole-plant incident LUEs for dwarf tomato

grown over 100 days under dynamic and constantly high planting

densities (1.16 g/mol under 90% GC and 1.10 g/mol at high density)

are close to the maximum reported LUE. This may be possible due

to the achievement of high instantaneous incident LUEs during

early cultivation, which are usually—at constant and lower planting

densities—low at transplant and increase with leaf expansion until

final harvest (Jin et al., 2023).

In this study, the morphological responses to high planting

densities differ from the mentioned references, e.g., from the

reviews on shade avoidance (Franklin, 2008) and planting density

(Postma et al., 2021), in that there was no solar light—importantly,

no far-red light— present in the applied red-blue light spectrum.

Also, root zone competition in the stonewool blocks was assumed to

be absent and was not assessed. Typical shade avoidance responses

of plants grown in soil and under solar light are adaptations to

complex interactions of reduced light intensity, reduced red-to-far-

red ratio within shaded canopies (e.g., Franklin, 2008), and reduced

nutrient availability at the plant level. Here, high-density responses

were attributed mainly to differences in PPFD.
4.5 Assimilate shortage reduces fruit
quality at high planting density

High planting density results in lower individual fruit weight

and size, more fruit size variability, and therefore reduced

marketability (Cockshull and Ho, 1995; Heuvelink, 1995). We

observed a reduction in fruit size, but—contrary to Cockshull and

Ho (1995)—no increase in fruit size variability under constant high

density (Table 2), which was likely due to truss pruning. A dynamic

high planting density (maintaining 90% ground coverage) did not

significantly decrease fruit size.

Under constant high density, the total soluble solid content (i.e.,

sweetness) and citric acid content of red-ripe harvested fruits were

reduced (Table 2), and fruit dry matter content increased

(Figure 3C). Nevertheless, the sweetness was shown to decline

with decreasing fruit size due to a positive correlation between

fruit size and the source–sink ratio (Li et al., 2015). The seed

company Vreugdenhil aims for 7°Brix (Jan van Heijst, pers. comm.)

in this cultivar, which was not achieved at high density, presumably

due to assimilate shortage at the plant level. Red-ripe harvested

cherry tomatoes were reported to range from 4.5 to 6.9°Brix and

0.1% to 1.4% citric acid content (Borba et al., 2021; del Carmen

Damas-Job et al., 2023; Pattanapo et al., 2023), resulting in a

sweetness-to-acidity ratio of 10 to 100, a ratio that is slightly

higher than we obtained (9.4 to 9.9; Table 2). Malundo et al.

(1995) found that perceived tomato flavor benefits from higher

sweetness if citric acid content is ≥0.8%. To enhance sweetness, far-

red light can be applied to increase dry matter partitioning in fruits

and subsequent sugar accumulation in fruits (Fanwoua et al., 2019;

Ji et al., 2019; Ji et al., 2020).
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Blossom-end rot was observed rarely, but most often at low

density. The absence of a closed canopy resulted in higher light

interception, likely leading to higher transpiration rates per plant

and higher growth rates, thus causing deficiencies in calcium

(Hagassou et al., 2019).

Fruit hardness, besides flesh firmness, constitutes fruit texture.

Hardness positively influences shelf-life (Beckles, 2012) and

perceived visual tomato quality (i.e., surface smoothness; Batu,

2004). The hardness of red-ripe cherry tomatoes at harvest is ca.

2 N (del Carmen Damas-Job et al., 2023; cf., table grapes range from

6 to 11.7 N; Deng et al., 2005; Rolle et al., 2011; Balic et al., 2022).

Thus, the observed hardness under all planting densities (Table 2) is

within the reported ranges of comparable fruit crops.
4.6 Implementation and future research

The present experiment is proof of the concept that dynamic

spacing results in high harvestable fruit yields while mitigating

the fruit quality-reducing effects of high planting densities. For

implementation, this concept can be tested on a larger scale,

extended to different light spectra and other varieties and crops,

and in combination with different pruning techniques. Also,

dynamic light management, dynamic climate control, and their

interactions should be explored to improve resource use

efficiency (i.e., energy and space use efficiency) and thus the

environmental and economic performance of highly controlled

crop production systems. Finally, the economic cost–benefit ratio

of spacing must be determined, where benefits are related to

yield, and costs are related to increased labor and/or automation.

The cost-effectiveness of manual versus automated spacing

depends, among others, on the scale of production and the

costs of labor and equipment. Ideally, the capacity for

automated spacing is considered during the design phase of a

new production unit.
5 Conclusions

Our results demonstrate that high ground coverage and thus

high light interception throughout cultivation are key to

maximizing both yield per area and LUE: plants grown under

constant high planting density utilized light most efficiently for fruit

yield formation (11.1 kg/m2 with an LUE of 7.7 g yield mol−1

photons incident on the canopy) due to a rapid canopy closure and

then consistently high ground coverage of ~96%. Nevertheless, fruit

quality was reduced under constant high density. As hypothesized,

constant low planting density resulted in the lowest light

interception, which resulted in the lowest yield per cultivation

area (3.2 kg/m2) and the lowest LUE (2.3 g yield mol−1).

Dynamic spacing—i.e., growing plants initially at a high planting

density but then spacing them apart to maintain constant ground

coverages of 75% and 90%—resulted in the same fruit quality, but

more than double the yield compared to low density. Thus, dynamic

spacing mitigates density-induced trade-offs between fruit yield and

quality in dwarf tomato.
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Paradise by the far-red light:
Far-red and red:blue ratios
independently affect yield,
pigments, and carbohydrate
production in lettuce,
Lactuca sativa
Jordan B. Van Brenk1†, Sarah Courbier1,2,3†,
Celestin L. Kleijweg1, Julian C. Verdonk1

and Leo F. M. Marcelis1*

1Horticulture and Product Physiology, Plant Sciences Group, Wageningen University and Research,
Wageningen, Netherlands, 2Faculty of Biology II, University of Freiburg, Freiburg, Germany, 3Centre
for Integrative Biological Signalling Studies (CIBSS), University of Freiburg, Freiburg, Germany
In controlled environment agriculture, customized light treatments using light-

emitting diodes are crucial to improving crop yield and quality. Red (R; 600-700

nm) and blue light (B; 400-500 nm) are two major parts of photosynthetically

active radiation (PAR), often preferred in crop production. Far-red radiation (FR;

700-800 nm), although not part of PAR, can also affect photosynthesis and can

have profound effects on a range of morphological and physiological processes.

However, interactions between different red and blue light ratios (R:B) and FR on

promoting yield and nutritionally relevant compounds in crops remain unknown.

Here, lettuce was grown at 200 µmol m-2 s-1 PAR under three different R:B ratios:

R:B87.5:12.5 (12.5% blue), R:B75:25 (25% blue), and R:B60:40 (40% blue) without FR.

Each treatment was also performed with supplementary FR (50 µmol m-2 s-1; R:

B87.5:12.5+FR, R:B75:25+FR, and R:B60:40+FR). White light with and without FR (W and

W+FR) were used as control treatments comprising of 72.5% red, 19% green, and

8.5% blue light. Decreasing the R:B ratio from R:B87.5:12.5 to R:B60:40, there was a

decrease in fresh weight (20%) and carbohydrate concentration (48% reduction in

both sugars and starch), whereas pigment concentrations (anthocyanins,

chlorophyll, and carotenoids), phenolic compounds, and various minerals all

increased. These results contrasted the effects of FR supplementation in the

growth spectra; when supplementing FR to different R:B backgrounds, we found

a significant increase in plant fresh weight, dry weight, total soluble sugars, and

starch. Additionally, FR decreased concentrations of anthocyanins, phenolic

compounds, and various minerals. Although blue light and FR effects appear to

directly contrast, blue and FR light did not have interactive effects together when

considering plant growth, morphology, and nutritional content. Therefore, the
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individual benefits of increased blue light fraction and supplementary FR radiation

can be combined and used cooperatively to produce crops of desired quality:

adding FR increases growth and carbohydrate concentration while increasing the

blue fraction increases nutritional value.
KEYWORDS

controlled environment agriculture, light quality, far-red light, red:blue ratio, nutritional
quality, metabolic compounds, product physiology
1 Introduction

Vertical farming (VF) is a method of controlled environmental

agriculture (CEA) wherein plant production occurs in stacked

layers in an enclosed growth area, without impact from the

external environment (Kozai et al., 2020). In CEA, among the

most controlled conditions are air temperature, nutrient solution

composition, carbon dioxide concentration, and light quality (i.e.,

spectra/wavelength of light) and quantity (i.e. intensity/amount of

light) (SharathKumar et al., 2020; van Delden et al., 2021). As the

predominant contributor to CEA start-up and production costs,

light is consistent target of growers to design growth recipes

minimizing production costs while maintaining or increasing

yield and quality. This is now more accessible by transitioning to

LEDs (light-emitting diodes) from other lighting methods (e.g.,

high-pressure sodium lamps, fluorescent lights). The adoption of

LEDs in CEA is attributed to their efficiency, reduced heat output,

and production of different light wavelengths including blue light

(B; 400-500 nm), red light (R; 600-700 nm), and far-red light (FR;

700-800 nm). In CEA systems with programmable and

customizable LED modules (Neo et al., 2022), a plethora of

custom growth recipes with specific light wavelengths, intensities,

day lengths, and combinations thereof can be designed, creating an

unprecedented capacity for controlling crop cultivation.

As the most effectively absorbed wavelengths by photosynthetic

machinery, R and B are commonly used in VF systems. Red light is

highly efficient in driving photosynthesis (McCree, 1971) and is

responded to by phytochromes, photoreceptors that influence plant

morphology through photomorphogenesis (Sharrock, 2008).

Although R light is more cost- and energy-efficient to produce

than B light, B is often needed. The B photoreceptors cryptochrome

and phototropin steer plant growth by suppressing leaf expansion

and stem elongation, regulating photomorphogenesis, and inducing

pigment formation (Lin et al., 1998; Inoue et al., 2008; Wollaeger

and Runkle, 2015). Far-red light positively increases tissue

expansion and elongation, which contribute to shade avoidance

(SA) mechanisms in nature (Smith and Whitelam, 1997; Keller

et al., 2011). Far-red light converts phytochrome from its active FR-

absorbing form (Pfr) to an inactive R-absorbing (Pr) form (Ballaré,

1999; Sharrock, 2008). Greater FR leads to a lower red:far-red ratio

(R:FR), which boosts stem length, petiole length, and biomass (de
0282
Wit et al., 2016; Jin et al., 2021). In lettuce, leaf area often increases

with decreasing R:FR, promoting light capture and consequent

biomass (Liu and van Iersel, 2022).

Other than yield, nutritional compound concentrations also

change in response to different light conditions. For example, high B

exposure can increase anthocyanin concentration in some plants

(Samuolienė et al., 2012; Liu et al., 2022). Anthocyanins are red- or

purple-colored pigments with antioxidant activity (Khoo et al.,

2017). Anthocyanins are a subclass of flavonoids (Falcone

Ferreyra et al., 2012), which themselves are a subclass of phenolic

compounds (Cheynier et al., 2013). Because of their antioxidant

properties, phenolic compounds, flavonoids, and anthocyanins are

highly sought-after health compounds in consumer foods (Sarkar

and Shetty, 2014; Panche et al., 2016). In plants, they scavenge free

radicals (Gould, 2004; Khoo et al., 2017), protect from ultraviolet

light (UV; Woodall and Stewart, 1998), and defend from abiotic

stressors (Kovinich et al., 2014, Kovinich et al., 2015; Naing and

Kim, 2021).

A different class of pigments, the carotenoids, also increase with

high B exposure in some plant genotypes (Samuolienė et al., 2017).

Carotenoids are a group of lipid-soluble yellow/orange pigments

that harvest and subsequently transfer light energy to chlorophyll

for photosynthesis, also protecting chlorophyll by absorbing

reactive oxygen species (ROS) (Maoka, 2020; Zulfiqar et al.,

2021). In animals, carotenoids are not synthesized de novo, but

dietary carotenoids are provitamins converted to vitamin A in the

intestinal tract (Zia-Ul-Haq et al., 2021). Carbohydrates are another

nutritional and energy source for plants and humans (Apriyanto

et al., 2022). They can also be enriched by increasing supplemental

FR in an R:B background (Van De Velde et al., 2023) or with high

light intensity at the end of production (Min et al., 2021). They also

affect consumer perception by increasing lettuce shelf life,

sweetness, and crispness (Witkowska and Woltering, 2010; Lin

et al., 2013; Min et al., 2021).

Elevating yield and enriching nutritional content via improved

cultivation methods can improve antioxidant and nutrient intake of

human diets (Mou, 2009). However, the solution is not simply to

have high fractions of certain wavelengths; in fact, each described

wavelength also has negative repercussions. High amounts of blue

light (>25% B) causes dwarfed plants with reduced weight (Lin

et al., 2013; Pennisi et al., 2019a; Kong and Nemali, 2021).
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Physiologically, FR decreases leaf thickness (Smith and Whitelam,

1997; Meng and Runkle, 2019) and FR-induced stem extension can

be undesirable in crops such as lettuce as it limits leafy growth

(Kong and Nemali, 2021). Metabolically, FR irradiance has been

shown to decrease phenolic, anthocyanin, carotenoid, and

chlorophyll content (Li and Kubota, 2009; Meng and Runkle,

2019). Finally, crops exposed solely to R exhibit a “red light

syndrome”, characterized by hampered photosynthesis, biomass

accumulation, and morphology (Hogewoning et al., 2010;

Trouwborst et al., 2016). This response is mitigated by adding

small B fractions, restoring normal photosynthetic and growth

functionality (Hoenecke et al., 1992; Hogewoning et al., 2010).

Furthermore, the interactions between R/B/FR wavelengths on

plant physiology and nutrition are less clear than when focused

on individual wavelengths. Blue-sensing cryptochromes and R/FR-

sensing phytochromes have complex interactions in light response;

in some conditions working cooperatively (Su et al., 2017), in others

antagonistically (Mockler et al., 1999), and still other instances

acting independently (Hirose et al., 2012; Casal, 2013).

The mixed bag of plant responses to different treatments of R, B,

and FR light exemplifies the need to fine-tune crop production

through custom LED light recipes focused on growth and desired

compound biosynthesis. However, to our knowledge, the growth

and nutritional effects of R:B ratios interacting with a constant

intensity of supplemental FR has yet to be described. Previous

studies comparing lettuce growth and pigments under different R:B

and FR conditions have either primarily focused on very young

lettuce plants (Meng and Runkle, 2019) or have compared R:B:FR

conditions with different total R and B content depending on the

inclusion or exclusion of FR (Kong and Nemali, 2021). Because the

application of FR with R:B has not thus far been performed

consistently, it is unclear if a constant intensity of supplemental

FR combined with different R:B ratios may interact cooperatively,

negatively, or independently. Therefore, we sought to fill this

knowledge gap by applying a constant intensity of supplemental

FR with a range of R:B ratios, focusing on growth and nutritional

content of lettuce at a harvestable and nutritionally-relevant

developmental stage.

In this study, we were interested in the effect of R:B and FR on

economically attractive traits, with focus on identifying “balanced”

conditions where nutritional value could be promoted whilst

maintaining suitable plant growth. Our objective was to quantify the

yield and nutritional value of red lettuce grown under LEDs at

different R:B ratios with or without FR, additionally determining if

the R:B ratios had interactions with FR. To perform this, we applied

four treatments with increasing B content in the R:B spectrum, then

included or excluded supplemental FR light. Three of these spectra

used only R and B light to create the treatment R:B spectra. The fourth

treatment spectra was a white light treatment with a high R:B ratio,

which was used as a reference spectra with a known high R and low B

content, as performed in previous studies (Pennisi et al., 2019b; Ji et al.,

2021). Here, pigments (anthocyanins, chlorophyll, and carotenoids),

phenolic compounds, carbohydrates, and mineral concentration were

quantified as markers for lettuce nutritional value. We hypothesized

that FR addition to R:B growth spectra would improve biomass

accumulation, albeit with reductions in nutritional value
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corresponding to decreased foliage pigmentation and phenolic

content. The opposite was hypothesized for increasing B fractions,

which were conversely expected to decrease biomass accumulation

while improving nutritional content. Additionally, we intended to

determine if physiological and nutritional phenotypes were results of

cooperative, antagonistic, or discrete light responses to B and FR.
2 Materials and methods

2.1 Plant material and germination

Lactuca sativa cv. Barlach (Rijk Zwaan; De Lier, The

Netherlands), a red butterhead lettuce, was grown from pelleted

seeds sown individually on rockwool plugs (3.5 × 3.5 × 5.9 cm L ×

W × H; Grodan, Roermond, The Netherlands), covered with a layer

of vermiculite. The plugs were imbibed with tap water and kept in a

germination tray covered with clear plastic to maintain humidity.

The germination trays were placed in darkness for two days at 4°C

for stratification, then were moved to a climate room equipped with

a CO2 supplier (800 ppm CO2) and an air-conditioning system for

controlling room temperature (21°C /19°C day/night) and relative

humidity (75%). Plants were germinated under white light

(GreenPower LED production module deep red/white 150, 2nd

generation; Philips, Eindhoven, The Netherlands) for five days at

200 µmol m-2 s-1 PAR, 18 h light/6h dark. The total incident light

intensity (µmol m-2 s-1 PAR) was measured at plant height using a

PAR meter (LI-250A; Li-Cor Biosciences, Lincoln, NE, USA). The

spectral photon composition was 8.5% blue (400-500 nm), 19%

green-yellow (500-600 nm), 72.5% red (600-700 nm), and 0% FR

(700-800 nm) during germination. Spectral composition was

measured with a spectrometer (SS-110; Apogee Instruments,

Logan, UT, USA).
2.2 Growth conditions

Seven days after sowing, rockwool plugs with morphologically-

similar seedlings and two unfurled cotyledons were transplanted to

water-soaked rockwool blocks (7.5 × 7.5 × 6.5 cm, L × W × H;

Grodan, Roermond, The Netherlands). Eight groups of 22 plants

were arranged in individual growth compartments (0.82 m2, 27 plants

m-2) with different light treatments (Section 3.3), and plant positions

were randomized weekly within a compartment. All plants continued

to be grown at 21°C /19°C (day/night), 75% relative humidity, and

800 ppm CO2. Every three days, plants received a nutrient solution

(as used in Jin et al., 2021) containing 12.92 mMNO3
−, 8.82 mM K+,

4.22 mMCa2+, 1.53 mMCl−, 1.53 mM SO4
2−, 1.53 mMH2PO4

−, 1.15

mMMg2+, 0.38 mMNH4
+, 0.38 mM SiO3

2−, 0.12 mMHCO3
−, 38.33

mM B, 30.67 mM Fe3
+, 3.83 mM Mn2

+, 3.83 mM Zn2+, 0.77 mM Cu2+,

and 0.38 mM Mo, at an EC of 2.3 dS m-1 and pH 6-6.5. As this

solution has a greater osmotic pressure than water, seedlings were

adapted to it by diluting the nutrient solution with water to EC values

of 0.5, 1.0, 1.5, and 2.0 at 0, 2, 4, and 6 days after transplanting,

respectively. Nutrient solution EC was verified using an EC meter

(Elmeco EC handmeter V2.0, Tasseron, Nootdorp, The Netherlands).
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2.3 Light treatments

Plants were grown at 200 µmol m-2 s-1 PAR (18 h light/6h dark)

under either white light (W) or one of three R:B ratios: 87.5:12.5 (R:

B87.5:12.5, 12.5% B), 75:25 (R:B75:25, 25% B), or 60:40 (R:B60:40, 40%

B), either with or without far-red addition (+FR; 50 µmol m-2 s-1;

separate from, but equivalent to 25% PAR) (Table 1; Supplementary

Figure 1). PAR was provided by combinations of Greenpower LEDs

(GreenPower LED production module deep red/white 150, GP LED

production DR/B 150 LB, GP LED production B 120 LO, 1st and 2nd

generation; Philips, Eindhoven, The Netherlands); FR was provided

by GreenPower LED production module far red 150cm

(Philips, Eindhoven, The Netherlands). PAR was maintained at

200 µmol m-2 s-1 by adjusting the height of the LED modules

suspended above the plant canopy. For brevity, when presenting

and discussing results, the treatments (R:B87.5:12.5, R:B75:25, R:B60:40)

and the resulting data are referred to by the blue content in the R:B

spectrum; importantly, this means in this context that increased B

content also corresponds to reduced R content. This is not exactly

the same for W treatments, which also involve green-yellow

wavelengths. However, W treatments were analyzed as a good

comparison treatment to consider the effect of a lower content of

B and R with the presence of green-yellow. Therefore, W treatments

here were used as a reference treatment, an approach performed in

other previous light studies (Pennisi et al., 2019b; Ji et al., 2021).
2.4 Morphological measurement

Non-destructive morphological measurements were performed

7, 14, and 21 days after transplant (DAT) for five growth cycles.

These measurements consisted of projected leaf area (PLA; the area

of leaves exposed to light in cm2 plant-1) and number of leaves

(LN; # plant-1). For PLA measurements (and morphological

characteristics), overhead photos of individual plants were taken

using a stand-mounted digital camera (EOS 1100D, Canon, Tokyo,
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Japan). Photos were captured with a black background and size

reference, with which PLA was calculated using ImageJ (U. S.

National Institutes of Health, Bethesda, MD, USA). Leaf number

was determined by counting all leaves >0.5 cm2.

For further morphological and metabolic data collection, plants

from three growth cycles were harvested 21 DAT. Of the 22 plants

per treatment per growth cycle, ten plants were randomly selected

for morphological measurements: leaf area (cm2 plant-1), shoot

fresh weight (g plant-1), and shoot dry weight (g plant-1). Shoot

fresh weight and leaf area was determined by separating leaves and

measuring with a leaf area meter (LI-3100, Li-Cor Biosciences,

Lincoln, NE, USA). These same leaves and stems were used for

shoot dry weight determination after being dehydrated in a forced-

air oven at 105°C for 48 hours (Elbanton Special Products by

Hettich Benelux, Geldermalsen, The Netherlands). With these data,

specific leaf area (SLA; cm2 g-1) and dry matter content (%) were

calculated. From the remaining twelve plants per treatment and

growth cycle, eight plants were used for anthocyanin determination

and four were used for other metabolite analysis (Section 3.5).
2.5 Metabolic compound measurements

From light-exposed regions of leaves, four leaf disks (~1cm

diameter) from each plant were collected and weighed in Eppendorf

tubes containing ceramic grinding balls, then flash frozen in liquid

nitrogen and stored at -80°C. Two tubes were created per treatment,

one for anthocyanin analysis and one for other metabolite analysis.

After freezing, leaf disks were subsequently freeze-dried (Alpha 1-4

LSCbasic, Martin Christ, Osterode am Harz, Germany) for a

minimum of 36 hours, then ground into a fine powder with the

preloaded balls using a mixer mill (MM 200, Retsch, Dale i

Sunnfjord, Norway). The leaf disk fresh weights were measured

prior to freezing, therefore the resulting data for metabolite

concentrations are expressed per gram of fresh weight.
TABLE 1 Spectral compositions, light intensity, and phytochrome photostationary state of eight different light treatments.

Treatment

Spectral composition of PAR (%) Intensity (µmol m-2 s-1)

R:B R:FR PSS valueBlue
400-500 nm

Green-Yellow
500-600 nm

Red
600-700 nm

PAR
400-700 nm

Far-red
700-800 nm

Germination 8.5 19.0 72.5 200 0 8.53 N/A 0.88

W 8.5 19.0 72.5 200 0 8.53 N/A 0.88

R:B87.5:12.5 12.5 0.0 87.5 200 0 7.00 N/A 0.88

R:B75:25 25.0 0.0 75.0 200 0 3.00 N/A 0.88

R:B60:40 40.0 0.0 60.0 200 0 1.50 N/A 0.87

W+FR 8.5 19.0 72.5 200 50 8.53 1.45 0.81

R:B87.5:12.5+FR 12.5 0.0 87.5 200 50 7.00 1.75 0.82

R:B75:25+FR 25.0 0.0 75.0 200 50 3.00 1.50 0.81

R:B60:40+FR 40.0 0.0 60.0 200 50 1.50 1.20 0.78
W, white light; R:B87.5:12.5, R:B75:25, R:B60:40, R:B ratios used in this study; FR, supplemental far-red light; PAR, photosynthetically active radiation; R:FR, red:far-red ratio; PSS, phytochrome
photostationary state, calculated using the different spectral treatments at 200 µmol m-2 s-1 PAR.
N/A, not applicable.
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Anthocyanins were measured following previous descriptions,

with some modifications (Lange et al., 1971; Wu et al., 2014).

Anthocyanins were extracted from ~10 mg of freeze-dried and

ground leaf material using 1 mL of extraction buffer (18% [v/v] 1-

propanol, 1% [v/v] HCl and 81% [v/v] MilliQ water). Samples and

blanks (no plant tissue, only buffer) were boiled for three minutes at

100°C and incubated for two hours in the dark at room

temperature, then centrifuged. Sample absorbances at 535 nm

(A535) and 650 nm (A650) were determined using a spectrometer

(SpectraMax iD5, San Jose, CA, USA) and corrected with blank

values. Anthocyanin content was measured as (A535-2.2·A650)/

mg FW.

Chlorophyll a (Chla), chlorophyll b (Chlb), total chlorophyll

(Chla+b), malondialdehyde (MDA), total phenolic compounds, total

flavonoids, sugars, and starch concentrations were measured

according to López-Hidalgo et al. (2021), using ~10 mg of freeze-

dried tissue.
2.6 Mineral concentration measurement

For mineral composition analysis, plants from two growth

cycles were harvested 21 days after transplantation. To achieve

the necessary 200 grams of cumulative fresh shoot biomass for

mineral analysis, multiple plants were collected for each treatment,

noting the number and fresh weight of individual plants required to

satisfy 200 grams of tissue (10 to 26 plants, depending on the plant

fresh weight from different treatments). Mineral composition was

determined by a certified nutrient testing company (Eurofins Agro

NL, Wageningen, The Netherlands), determining macro- and

micro-element concentrations for plants in each treatment.
2.7 Radiation- and energy-use
efficiency calculations

Radiation-use efficiency and energy-use efficiency were calculated

based on typical performance values of photon efficacy for LED

packages (B = 2.8 µmol J-1, R = 4.1 µmol J-1, FR = 3.6 µmol J-1,

white = 2.8 µmol J-1) (Kusuma et al., 2022). These were calculated

considering plant fresh weight by treatment, plant density

(27 plants m-2), treatment duration (21 days), and total radiation

received within the 400-800 nm range.
2.8 Experimental design and
statistical analyses

The experiment was conducted five times in a row, resulting in

five growth cycles. Three growth cycles were used for morphological

and metabolic data collection, therefore for these measurements there

were three statistical replicates (n = 3). Two growth cycles were used
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were two statistical replicates (n = 2). The growth cycles were treated

as blocks in the statistical analysis; each light treatment was randomly

allocated to a growth compartment, but due to technical restrictions,

the same randomization was used in each growth cycle. For each

growth cycle, from the 22 plants grown under each treatment, ten

plants were used for collecting morphological data, eight plants for

anthocyanin analysis, and four plants for metabolite determination as

in López-Hidalgo et al. (2021). For both mineral content growth

cycles, one measurement per aggregate set of plants from each light

treatment was made. For every variate, a two-way analysis of variance

(ANOVA) was conducted (factors FR and background light

spectrum, each with two levels), taking account for the blocks was

conducted. This was followed by mean separation according to

Fisher’s unprotected least significant difference (LSD) test.

Furthermore, a two-way ANOVA in blocks was conducted using

FR presence as a qualitative factor and B% in the spectrum (excluding

the white light treatments) as a quantitative factor with polynomial

contrasts. All tests were conducted at a = 0.05 and Genstat software

(21st edition, VSN International LTD, Hemel Hempstead, UK) was

used for all statistical tests.
3 Results

3.1 Supplemental FR improves plant
growth in R:B backgrounds

As important parameters for crop production, the

morphological traits of lettuce grown under different R:B and FR

treatments were measured. Considering the different R:B ratios,

shoot fresh weight decreased by 20% from R:B87.5:12.5 to R:B60:40
treatments, at similar magnitudes with or without FR (Figure 1A).

With the addition of 50 µmol m-2 s-1 FR radiation, shoot fresh

weight increased by 100% on average for each R:B ratio. There was

no statistical interaction found between FR addition and B content

on shoot fresh weight. There was also no effect on dry matter

content for both B content and FR addition, resulting in similar

trends observed between shoot fresh and dry weight (Table 2;

Supplementary Figure 2A). Adding FR to R:B treatments resulted

in a 106% increase of total leaf area over treatments without FR

(Figure 1B). There did appear to be a trend of decreased leaf area

with increased B content, but this was not found to be significant

(Figure 1B). Specific leaf area increased linearly with higher blue

light percentage (Table 2); as SLA is inversely proportional to leaf

thickness, leaves were thinner as B content increased, made slightly

thinner when FR was added (Table 2). Canopy openness (total

projected leaf area divided by leaf area) slightly decreased with

supplemental FR but was unaffected by B content (Table 2). The

number of leaves per plant increased with supplemental FR and did

not appear to be affected by B content, except for the R:B75:25+FR

treatment, which had a lower number of leaves compared to R:

B87.5:12.5+FR and R:B60:40+FR (Table 2).
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3.2 Leaf pigments increase with increased
B, but not FR, in an R:B background

To ascertain the differences in lettuce pigmentation between

treatments, photosynthetic and photoprotective pigment contents

were quantified. Generally, leaf pigments increased with increased B

content in an R:B spectrum (Figure 2). From R:B87.5:12.5 to R:B60:40,

there was linear increase of chlorophyll (24%) and carotenoid (21%)

concentration; these pigments were not significantly affected by
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adding FR (Figures 2A, B). However, there was an interaction when

adding FR to an R:B background for carotenoid concentration. The

Chla:Chlb ratio decreased slightly from R:B87.5:12.5 to R:B60:40,

further decreased with addition of FR (Supplementary Table 1).

Anthocyanins increased by 40% from R:B87.5:12.5 to R:B60:40

independently of FR, which decreased anthocyanin content for all

R:B treatments by 13% (Figure 2C). The effects of FR and B content

on anthocyanins can also be visualized in Figure 3, as the red color

of red lettuce can be a proxy for relative anthocyanin content.
TABLE 2 Morphological characteristics of lettuce grown under different light spectra.

Unit FR W R:B87.5:12.5 R:B75:25 R:B60:40 SEMǂ PBlue
# PFar-red

##

DMC %
No FR 4.95a 5.09a 5.22a 5.12a

± 0.153 0.649 0.081
+FR 4.98a 4.88a 5.00a 4.97a

PLA cm2 plant-1
No FR 50.63a 56.26a 61.55ab 73.84b

± 5.13 0.220 <0.001*
+FR 116.49c 112.84c 108.41c 106.03c

PLA
LA

No FR 0.350ab 0.356ab 0.349ab 0.365b

± 0.011 0.942 0.030*
+FR 0.336ab 0.336ab 0.339ab 0.325a

SLA cm2 g-1
No FR 404.0abc 386.0a 401.2ab 444.4bc

± 16.36 0.010* 0.022*
+FR 444.9bc 427.2abc 439.5bc 451.0c

No. of leaves # plant-1
No FR 15.89a 15.39a 14.46a 15.19a

± 0.587 0.895 <0.001*
+FR 19.80bc 20.10bc 18.39b 20.15c
DMC, shoot dry matter content; PLA, projected leaf area; PLA/LA, leaf canopy closure; SLA, specific leaf area; W, white light; R:B87.5:12.5, R:B75:25, R:B60:40, R:B ratios used in this study; FR,
supplemental far-red light.
ǂSEM, standard error means of three growth cycles (n = 3), each consisting of ten replicate plants for all eight light treatments. Different letters indicate significantly different values for each
combination of R:B ratio and FR light treatments, using an unprotected Fisher LSD Test (a = 0.05).
#P-value for blue content effects among the three levels of blue light according to a two-way ANOVA.
##P-value for far-red light effects among the three levels of blue light according to a two-way ANOVA.
*Denotes a significant effect of either PBlue or PFar-red (a = 0.05).
A B

FIGURE 1

Lettuce fresh weight and leaf area under red:blue ratios with and without far-red. (A) Shoot fresh weight and (B) leaf area of lettuce grown under
three different red:blue ratios presented by blue light % in the R:B spectrum (R:B87.5:12.5 = 12.5% blue; R:B75:25 = 25% blue; and R:B60:40 = 40% blue),
with additional far-red light (RB+FR) or no far-red (RB). White light (~8.5% blue) is used as a comparison, with far-red (W+FR) or without (W).
Trendlines were drawn to indicate the probability of a linear relationship with blue light (PBlue, a = 0.05). Different letters indicate significantly
different values for each combination of R:B ratio and FR light treatments, according to an unprotected Fisher LSD Test (a = 0.05). Datapoints
represent treatment means with error bars representing standard error means of three growth cycles (n = 3), each consisting of ten replicate plants.
PFar-red = probability of an effect from far-red, Pint = probability of an interactive effect between blue content and far-red addition.
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3.3 Specialized metabolites, carbohydrates,
and minerals are differentially affected by
R:B ratios and FR supplementation

To quantify additional indicators of nutritional value, the

concentrations of flavonoids, phenolic compounds, carbohydrates,

and minerals were assessed. The concentrations of total flavonoids

and phenolic compounds increased linearly from R:B87.5:12.5 to

R:B60:40 by 35% and 20%, respectively; however, neither were

significantly affected with supplemental FR (Figure 4A;

Supplementary Figure 2B). There appeared to be no effect of FR or

B content on MDA concentration (Supplementary Figure 2C). For
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carbohydrates, total soluble sugars and starch showed strong linear

decreases from R:B87.5:12.5 to R:B60:40 (both 47%, Figures 4B, C). On

average, with supplemental FR, soluble sugars increased by 65% and

starch increased by 54% over treatments without FR. For each of

flavonoids, phenolic compounds, MDA, sugars, and starch, no

interaction was found between blue light percentage and FR.

Of the analyzed macro- and micro-elements, four are showcased

in Figure 5 due to their use in fertilizers (nitrogen, phosphorus, and

potassium) or involvement in lettuce tipburn studies (calcium)

(Frantz et al., 2004). The remainder of the analyzed elements are

summarized in Table 3. Most macro- and micro-elements increased

linearly with increased B content, except for magnesium, chloride,
A B C

FIGURE 2

Pigment concentrations of lettuce grown under red:blue treatments with and without far-red. Total chlorophyll (A), carotenoid (B), and anthocyanin
(C) concentrations of lettuce grown under different red:blue ratios presented by blue light % in the R:B spectrum (R:B87.5:12.5 = 12.5% blue; R:B75:25 = 25%
blue; and R:B60:40 = 40% blue), with additional far-red light (RB+FR) or no far-red (RB). White light (~8.5% blue) is used as a comparison, with far-red (W
+FR) or without (W). Trendlines were drawn to indicate the probability of a linear (PBlue) or quadratic (PB-quad) relationship with blue light, a = 0.05.
Different letters indicate significantly different values for each combination of R:B ratio and FR light treatments, according to an unprotected Fisher LSD
Test (a = 0.05). Datapoints represent treatment means with error bars representing standard error means of three growth cycles (n = 3), each consisting
of four or eight replicate plants. PFar-red = probability of an effect from far-red, Pint = probability of an interactive effect between blue content and
far-red addition.
FIGURE 3

Morphology of “Barlach” lettuce grown under different light conditions. Left to right: Representative photographs of lettuce grown under white light
(W) or three R:B light ratios (R:B87.5:12.5, R:B75:25, and R:B60:40). The percentage of blue in PAR for each treatment was 8.5%, 12.5%, 25%, and 40%,
respectively. Plants were grown without far-red (top row, No FR) and with 50 µmol m-2 s-1 supplementary far-red (bottom row, With FR).
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iron, and boron. With added FR, there were significant decreases in

the mineral concentrations of calcium, magnesium, manganese, and

phosphorus. Generally, the increase in mineral concentration due to

increased B content was often greater than the decrease in mineral

concentration due to FR addition. Finally, when considering the

whole plant nutrient content (which was calculated from the

measured concentrations in Table 3), there was a significant effect

of FR for each mineral (Supplementary Table 2).
3.4 White light treatments were not
significantly different from blue light trends
in R:B spectra

Overall, for most analyzed parameters, the effects of white light

(W and W+FR) were not significantly different from the closest B

light content R:B ratio (R:B87.5:12.5 and R:B87.5:12.5+FR), except for

anthocyanin (Figure 2C) and flavonoid (Figure 4A) concentration.

Anthocyanin content was lower in W compared to R:B87.5:12.5 and

W+FR was lower than R:B87.5:12.5+FR. For flavonoids, only W+FR

was significantly lower than R:B87.5:12.5+FR. For all other

parameters, W followed R:B considering its B light content

(~8.5%) and W+FR followed R:B+FR.
3.5 Energy-use efficiency of R:B ratios with
and without additional FR

As B light content increased in the treatments without FR, there

was a significant decrease in radiation-use efficiency (21%) and

energy-use efficiency (26%) (Figure 6). These decreases due to B

content were not significant in treatments with additional FR

(Figure 6). Additional FR increased both radiation-use efficiency

from 17% to 59% (depending on B content) and energy-use

efficiency from 20% to 87% (depending on B content) (Figure 6).
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4 Discussion

4.1 FR and increased B content have
contrasting roles in morphology

Overall, an increased B fraction in R:B decreased lettuce shoot

fresh weight, dry weight, and leaf area, while adding FR to each R:B

ratio consistently increased each of these parameters (Figure 1;

Supplementary Figure 2A). Smaller plants due to increased B light

content has been previously described (Wollaeger and Runkle, 2015;

Pennisi et al., 2019b; Kong and Nemali, 2021), suggested by Snowden

et al. (2016) to be due to reduced radiation capture from smaller

leaves. Conversely, FR characteristically extends stems, internodes,

petioles, and expands leaves, causing greater light interception,

resulting in increased overall growth (Devlin et al., 1998; Keller

et al., 2011; de Wit et al., 2016; Jin et al., 2021). The red-leafed

lettuce in this study showed leaf expansion due to FR content, which

has been shown to occur in many cultivars of lettuce and tomato, but

not all (Ji et al., 2021; Liu and van Iersel, 2022). Increased leaf area

(Figure 1B) without changing dry matter content (Table 2) can

increase light interception, enhancing growth with FR addition

(Supplementary Figure 3). Increased B content corresponded with

decreased leaf thickness (higher SLA), contrary to commonly observed

thicker leaves in many plant species (Wollaeger and Runkle, 2015;

Shengxin et al., 2016; Zheng and Van Labeke, 2017). However,

decreased leaf thickness with increased B has been found more

often in lettuce (Clavijo-Herrera et al., 2018; Pennisi et al., 2019b;

Kong and Nemali, 2021). Plants with supplemental FR also had

slightly thinner—but larger—leaves (Table 2), which has been seen

to occur with FR presence (Smith and Whitelam, 1997; Keller et al.,

2011; Meng and Runkle, 2019). Interestingly, FR also increased leaf

number, although literature shows that FR inclusion often decreases or

does not affect leaf number, which can be species- or genotype-specific

(Ji et al., 2020; Jin et al., 2021; Kong and Nemali, 2021). The combined
A B C

FIGURE 4

Blue content and far-red effects on total flavonoids, soluble sugars, and starch. Total flavonoid (A), soluble sugar (B), and starch (C) concentrations
of lettuce grown under grown under different red:blue ratios presented by blue light % in the R:B spectrum (R:B87.5:12.5 = 12.5% blue; R:B75:25 = 25%
blue; and R:B60:40 = 40% blue), with additional far-red light (RB+FR) or no far-red (RB). White light (~8.5% blue) is used as a comparison, with far-red
(W+FR) or without (W). Trendlines were drawn to indicate the probability of a linear relationship with blue light (PBlue, a = 0.05). Different letters
indicate significantly different values for each combination of R:B ratio and FR light treatments, according to an unprotected Fisher LSD Test (a =
0.05). Datapoints represent treatment means with error bars representing standard error means of three growth cycles (n = 3), each consisting of
four replicate plants. PFar-red = probability of an effect from far-red, Pint = probability of an interactive effect between blue content and far-
red addition.
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positive effects of FR with a low R:B ratio on yield, leaf area, and

morphology exceeded the negative impact of increased B in an R:B

background. Therefore, FR addition can positively impact tissue

production, plant size, and shoot fresh and dry weight under

decreasing R:B ratios (which would otherwise negatively impact

these parameters), allowing for growers to improve factors such as

nutritional value with different R:B conditions.
4.2 Antioxidants are induced with greater B
content, but differentially affected by
FR addition

Apart from leaf size, the most prominent lettuce phenotype

observed was a progressively deeper, redder, pigmentation with

increased B content, especially in treatments without FR (Figure 3).

The deeper red is linked to the production of anthocyanins,

associated with human health because of their antioxidant
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capacity (Sarkar and Shetty, 2014; Panche et al., 2016; Khoo et al.,

2017). In our analysis, anthocyanins increased as B content

increased, which has been found to occur via upregulation from

the activated cryptochrome photoreceptor CRY1 (Bouly et al.,

2007). This upregulation aligns with anthocyanin function,

protect ing plants from reduced photosynthesis from

photoinhibition, often caused by stressors such as a greater

incidence of higher-intensity blue light (Smillie and Hetherington,

1999). Increased anthocyanin content with greater blue light

fraction has also been found in a variety of species and organs

including pepper fruit (Liu et al., 2022) strawberry fruit (Zhang

et al., 2018), and tea leaves (Zheng et al., 2019). Here, anthocyanin

content decreased with added FR, which has been previously

described in lettuce (Kong and Nemali, 2021). However, the

decrease in anthocyanin content with added FR is noticeably

lower than the increase in fresh weight of FR-grown lettuce;

therefore, larger plants grown under FR can still gain deeper

pigmentation and nutritional benefits from low R:B ratios.
A B

DC

FIGURE 5

Blue light and far-red light effects on calcium, nitrogen, phosphorus, and potassium. The concentration of calcium (A), nitrogen (B), phosphorus
(C), and potassium (D) in lettuce grown under different red:blue ratios presented by blue light % in the R:B spectrum (R:B87.5:12.5 = 12.5% blue;
R:B75:25 = 25% blue; and R:B60:40 = 40% blue), with additional far-red light (RB+FR) or no far-red (RB). White light (~8.5% blue) is used as a
comparison, with far-red (W+FR) or without (W). Trendlines were drawn to indicate the probability of a linear relationship with blue light
(PBlue, a = 0.05). Different letters indicate significantly different values for each combination of R:B ratio and FR light treatments, according to an
unprotected Fisher LSD Test (a = 0.05). Datapoints represent treatment means with error bars representing standard error means of two growth
cycles (n = 2) with measurements corresponding to an aggregate set of plants from each treatment. PFar-red = probability of an effect from far-red,
Pint = probability of an interactive effect between blue content and far-red addition.
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As they are also antioxidants associated with health-promoting

activity (Sarkar and Shetty, 2014; Panche et al., 2016), flavonoid and

phenolic compound concentrations were explored. In this study, total

flavonoids and phenolic compounds were both found to increase

with elevated B in an R:B background. Interestingly, although

anthocyanins had a quadratic response to increased B light

(Figure 2C), total flavonoid and phenolic compound concentrations

had linear responses (Figure 4A; Supplementary Figure 2B),

suggesting a point of diminishing returns for anthocyanin

production serving for light protection. Although the

photoprotective anthocyanins expectedly increased as high-energy

B increases in R:B, at a certain point, anthocyanin content appeared

to plateau, whereas flavonoids and phenolic compounds steadily

increased with higher B. This may indicate that past the point of

anthocyanin production plateau, the metabolism of other

antioxidants and phenolic compounds may become of primary

focus, to tackle existing ROS created by oxidative stress (Cheynier
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et al., 2013; Dumanović et al., 2021), in this case caused by the high-

energy B light incidence. As MDA normally accumulates as a

breakdown product of ROS-induced lipid peroxidation of

hydroperoxides (Esterbauer et al., 1991), it can indicate ROS-

related plant stress and lipid injury (Davey et al., 2005). In the

present research, MDA was unaffected by any R:B or FR combination

(Supplementary Figure 2C), indicating that the ROS-scavenging

abilities of these antioxidant compounds were sufficient to

maintain lasting ROS-related damage to consistent and manageable

levels. Finally, in this study, phenolic compound concentration

(Supplementary Figure 2B) was lower than total flavonoid

concentration (Figure 4A), an anomaly that is likely inaccurate as

flavonoids are a subclass of phenolic compounds. This inaccuracy is

prospectively due to different extraction methods and quantification

with different standards; therefore, total phenolic compound

concentrations should be considered relative and only be compared

to each other for trends based on B content and FR presence.
TABLE 3 Macro- and micro-elements in lettuce grown under different light spectra.

Element FR W
R:B

87.5:12.5
R:B
75:25

R:B
60:40 SEMǂ PBlue

# PFar-red
## Pint

###

Boron
(µg g-1 DW)

No FR 23.2a 23.1a 23.2a 23.9a

± 0.64 0.076 1.000 0.683
+FR 23.3a 22.4a 23.4a 24.2a

Chloride
(mg g-1 DW)

No FR 7.0a 7.3a 7.4a 7.2a

± 0.19 0.471 1.000 0.840
+FR 7.3a 7.3a 7.5a 7.2a

Copper
(µg g-1 DW)

No FR 7.5a 7.6a 9.1c 9.6c

± 0.36 0.005* 0.060 0.608
+FR 7.6a 7.1a 7.8ab 9.0bc

Iron
(µg g-1 DW)

No FR 160a 145a 260b 195ab

± 29.4 0.392 0.475 0.374
+FR 135a 165ab 185ab 190ab

Magnesium
(mg g-1 DW)

No FR 2.3a 2.5ab 2.7b 2.8b

± 0.09 0.143 0.011* 0.606
+FR 2.4a 2.4a 2.4a 2.5a

Manganese
(µg g-1 DW)

No FR 36ab 34ab 40bc 42c

± 2.0 0.021* 0.003* 0.223
+FR 32a 30a 30a 32a

Molybdenum
(µg g-1 DW)

No FR 0.8a 0.8a 0.9a 1.0ab

± 0.09 0.025* 0.518 0.218
+FR 0.9a 0.8a 0.8a 1.2b

Nitrate
(mg g-1 DW)

No FR 30.6a 30.8a 34.7ab 41.5ab

± 3.73 0.027* 0.821 0.737
+FR 37.7ab 32.2a 32.0a 44.9b

Sodium
(mg g-1 DW)

No FR 0.7a 0.7a 0.9ab 1.0b

± 0.05 0.013* 0.465 0.572
+FR 0.8a 0.7a 0.9ab 0.9ab

Sulfur
(mg g-1 DW)

No FR 2.7a 2.8ab 3.0bc 3.2c

± 0.06 <0.001* 0.156 0.508
+FR 2.9ab 2.8ab 2.9ab 3.2c

Zinc
(µg g-1 DW)

No FR 24ab 22a 26abc 28bc

± 1.5 0.013* 0.578 0.542
+FR 24ab 24ab 25ab 30c
fron
W, white light; R:B87.5:12.5, R:B75:25, R:B60:40, R:B ratios used in this study; FR, supplemental far-red light; DW, dry weight.
ǂSEM, standard error means of two growth cycles (n = 2), consisting of multiple plants (10 to 26, depending on treatment) for all eight light treatments. Different letters indicate significantly
different values for each combination of R:B ratio and FR light treatments, using an unprotected Fisher LSD Test (a = 0.05).
#P-value for blue content effects among the three levels of blue light according to a two-way ANOVA.
##P-value for far-red light effects among the three levels of blue light according to a two-way ANOVA.
###P-value for interactive effects between far-red and blue light according to a two-way ANOVA.
*Denotes a significant effect of either PBlue or PFar-red (a = 0.05).
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Other pigments, chlorophyll and carotenoids, also increased as

R:B decreased (Figure 2). Carotenoids have photoprotective

mechanisms, controlling the energy flux to chlorophylls and

managing oxidative stress. In lettuce, the two most common

carotenoids are lutein and b-carotene, other group members

include zeaxanthin, violaxanthin, astaxanthin, and lactucaxanthin

(Phillip and Young, 1995; Mou, 2009; Kim et al., 2016; Yang et al.,

2022). Although this study did not explore individual carotenoids, it

would be prudent to further explore these individual carotenoids.

This would determine if all carotenoid production is induced under

high blue irradiation, or if specific carotenoids are induced.

Additionally, some carotenoids convert to other carotenoids as a

stress response to changes in light intensity (Sajilata et al., 2008).

Therefore, it is probable that oxidative stress from higher-energy

blue light may induce similar types of carotenoid conversion. There

have been reports of increased B content resulting in increased

carotenoids in several plant species and microalgae (Samuolienė

et al., 2017; Zhang et al., 2022), but B content-induced carotenoid

interconversion has yet to be explored in detail. This can further be

expanded by including FR, as we found a novel interactive effect

between FR and B on carotenoid concentration, where B light

caused greater carotenoid content with added FR (Figure 2B).
4.3 Carbohydrates increase from FR
addition, decrease with increased
B content

We analyzed carbohydrates because they are nutritional and

energy sources for plants and humans (Apriyanto et al., 2022).

Here, carbohydrate concentration decreased with B content but
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increased with FR addition, but the two spectra had no interaction.

This pattern was similar to the measurements of shoot fresh weight

and leaf area, likely because carbohydrate pools are tightly

associated with plant growth. Plant carbohydrates are classified as

structural or non-structural, either contributing to cell wall and

plant stem structural components (Martıńez-Vilalta et al., 2016;

Tarasov et al., 2018), or steering plant metabolism as sources of

energy resulting from photosynthesis (Bolton, 2009; Rosa et al.,

2009; Apriyanto et al., 2022). This energy primarily is in the form of

soluble sugars or starch, a storage carbohydrate that can be

metabolized to provide plant organs with carbon and energy

(Zeeman et al., 2010; Apriyanto et al., 2022). Soluble sugars are

the accessible form of this energy, but starch contributes to plant

growth, protection, improving tolerance to drought, temperature,

and salinity stress (Rosa et al., 2009; Krasavina et al., 2014). The

reduction of carbohydrates under low R:B is possibly a result of a

shift in prioritizing energy resources towards specialized metabolite

synthesis, as was seen in this study with increased antioxidant

compound accumulation. Such a transition to focus on specialized

metabolism over growth may occur in plants experiencing

environmental stressors including light stresses, drought, and

temperature stress (Dixon and Paiva, 1995; Seigler, 1998; Qaderi

et al., 2023). Intriguingly, we found that FR restores the decrease in

carbohydrates due to low R:B, also improving or equaling the

highest carbohydrate concentration of plants grown without FR.

Elevated carbohydrate content with FR confirms previous research

(Yang et al., 2016; Courbier et al., 2020) and may improve consumer

perceptions by increasing lettuce shelf life, sweetness, and crispness

(Witkowska and Woltering, 2010; Lin et al., 2013; Min et al., 2021).

Hence, growers will find it attractive to use FR to simultaneously

improve carbohydrate content and crop growth.
A B

FIGURE 6

Radiation-use efficiency and energy-use efficiency of red:blue and far-red treatments. The radiation-use efficiency (A) and energy-use efficiency
(B) of different red:blue ratios presented by blue light % in the R:B spectrum (R:B87.5:12.5 = 12.5% blue; R:B75:25 = 25% blue; and R:B60:40 = 40% blue),
with additional far-red light (RB+FR) or no far-red (RB). White light (~8.5% blue) is used as a comparison, with far-red (W+FR) or without (W).
Trendlines were drawn to indicate the probability of a linear relationship with blue light (PBlue, a = 0.05). Different letters indicate significantly
different values for each combination of R:B ratio and FR light treatments, according to an unprotected Fisher LSD Test (a = 0.05). Datapoints
represent treatment means with error bars representing standard error means of three growth cycles (n = 3), each consisting of ten replicate plants.
PFar-red = probability of an effect from far-red, Pint = probability of an interactive effect between blue content and far-red addition.
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4.4 Macronutrients and micronutrients

Finally, we analyzed mineral content because humans require a

balanced intake of minerals for their health and metabolism. While

blue light has been shown to increase the concentration of common

nutritional minerals in crops such as broccoli and lettuce, effects

differ depending on the mineral of interest (Kopsell et al., 2014; Lee

et al., 2019). Most of the analyzed macro- and micronutrient

concentrations in the present study were unaffected by FR

addition, with FR only significantly decreasing the concentration

of calcium (reduced with FR addition from high R:B to low R:B by

3-9%), phosphorus (9-27%), magnesium (5-15%), and manganese

(13-25%) (Figure 5, Table 3). There was no interaction between FR

and B content found to affect any mineral concentrations, but a

higher percentage of blue light in an R:B spectrum did increase the

mineral concentrations for most elements (ranging from 7-26%),

with the exception of boron, chloride, iron, and magnesium

(Figure 5, Table 3). While intriguing that increases with B content

occurred for most nutrients, these changes in mineral

concentrations should be put into perspective with biologically

relevant changes in mineral concentration. Although there were

significantly different changes in mineral concentration, each was

within range of commonly found lettuce nutrient concentrations

(Hartz et al., 2007). This being said, we also saw that when

considering the macro- and micronutrient content in terms of

micro- or milligrams per plant (Supplementary Table 2), there

was a significant effect of FR for each nutrient. This is logical, as the

plants grown under FR light had a much larger size, resulting in

more total nutrients per plant, while still having a reduced

concentration per gram of fresh weight. However, we propose

that the nutrient concentration per gram is more valuable as a

nutritional aspect for equal portions of food, as concentration is

more of a determinant of the leaf tissue nutritional potency. The

effect of R:B and FR on mineral and nutritional content requires

further investigation, as some nutrients seem to be enhanced by

altering R:B ratio, while others by FR, and others don’t appear to be

affected by either. Finally, as nitrates are an important factor for

human health considerations, it is prudent to mention that the

nitrate concentration of lettuce in this study (~1250 – 2250 mg/kg

fresh weight) was well below the 5000 mg/kg maximal limitation set

in place by the EU (Commission Regulation (EU) No. 1258/2011).
4.5 The effects of blue light and FR
radiation in an R:B spectrum were additive

In a previous study, Meng and Runkle (2019) found that

additional FR radiation antagonized blue radiation effects on

growth in an R:B background. In the present study, many effects

of FR were equally affected with each corresponding increase in B

content, meaning individual effects were more or less additive. The

discrepancy here may be because young lettuce seedlings were the

focus in Meng and Runkle (2019), whereas the present study

analyzed lettuce grown to a harvestable and nutritionally relevant

stage. Therefore, early growth stages may have interactive effects
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from R:B and FR, however over the course of development, these

effects transition to be additive. This may also indicate that the light

response pathways and triggered regulatory genes for growth and

nutrit ional compounds in lettuce have more specific

regulatory patterns.

Very high fractions of blue light may change the Pr/Pfr ratio

(Hogewoning et al., 2010). However, the values of PSS, which can be

considered as an estimate for this ratio (Sager et al., 1988), did not

vary a lot among the R:B treatments applied in this research, while

the PSS values by the additional FR were reduced from 0.87-0.88 to

0.78-0.82 (Table 1). This, combined with the determination that

there were individual responses to R:B and FR treatments, we

postulate that the plant responses to FR act via phytochromes

independently from the response to R:B acting via B light

photoreceptors. This may be further supported considering the

results of the reference white light treatments. White light (with and

without FR) had very similar PSS values to the closest

corresponding R:B ratio (R:B87.5:12.5, with or without FR), and

nearly every measured parameter under white light was not

significantly different from those of the nearest corresponding R:B

ratio. Therefore, morphology, metabolites, and minerals were more

greatly affected by the B content, FR addition, or both together,

rather than the presence of green-yellow light or small changes to

PSS value.

Because of the additive effects of FR and R:B ratios, their

individual benefits can be harnessed by utilizing combined

spectra applications to cooperatively benefit both growth and

nutrition. By designing growth recipes considering both yield and

nutritional quality, growers can improve produce for end

consumers by producing more nutritional crops in greater size or

number. Growers do not directly benefit from plants’ nutritional

contents – consumers consume the crops. However, nutritional

quality is largely recognized by consumers, boosting or reducing

sales of growers’ crop. Conversely, consumers, often unaware of

their purchased vegetables’ growth cycles, are nonetheless affected

by food shortages due to long cultivation periods. This duality of

recognizing the primary desires of both parties, should also be

considered by both parties. Ultimately, it falls to growers to address

each aspect during cultivation; both yield and nutritional quality

should be considered and valued throughout the lifetime of a crop,

from sowing to consumption.
4.6 Increased B content decreases energy-
use efficiency, whereas FR
increases efficiency

Although LEDs are overall more efficient than other lighting

technologies like fluorescent or high-pressure sodium lights

(Pennisi et al., 2019b; Neo et al., 2022), there are differences in

efficacy of LEDs producing different wavelengths (Kusuma et al.,

2022). Of the studied wavelengths, at present, B LEDs have the

lowest efficacy, followed by FR, then R, which has the highest

efficacy of LED-produced wavelengths (Kusuma et al., 2022).

Simply, high B content in a growth recipe often results in a lower

efficiency than a growth recipe with lower B, which has previously
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been described in the growth of tomato plants (Kusuma et al.,

2023). Consequently, a balance is required while improving plant

growth or nutritional content, considering radiation- or energy-use

efficiency. Here, the addition of FR had a significant increase in

radiation- and energy-use efficiency for all spectra (Figure 6),

confirming previous studies in lettuce (Jin et al., 2021). That is,

although the total light and resulting electricity usage were

increased, plants were able to utilize light energy more efficiently,

ultimately producing greater biomass per photon or kilowatt of

energy. Furthermore, we found that the negative effect of increased

B content was ameliorated when FR was added to the spectra

(Figure 6). Therefore, the enhanced production of metabolites

under high B can also be harnessed using this improved efficiency

with FR inclusion. Importantly, we recognize that the presented

values of radiation- and energy-use efficiency were overall relatively

low, which is due to the low planting density of this study; high

planting densities have previously been found to dramatically

increase both radiation- and energy-use efficiencies (Jin et al.,

2021). The efficiency values reported here can easily be increased

by growing plants in more dense arrangements, as the plants in this

study had ample room for growth.
4.7 Considerations and future directions

Some considerations for this study are important to note. First,

although FR addition on average reduced metabolite and nutrient

concentrations, these values were calculated on the basis of per gram

of fresh lettuce tissue (or per gram dried lettuce tissue as for the

analyzed macro- andmicro-elements). Far-red application resulted in

larger plants, therefore the total amount of nutrients per plant

(instead of per unit fresh or dry weight) could be even greater with

added FR, however with less potency than the R:B counterparts.

Secondly, as previously mentioned, this work correlates the analyzed

parameters with the content of B light in an R:B spectrum, so with an

increase of B, there is a corresponding decrease of R. Therefore,

responses may be due to increased B content, decreased R content, or

both. This may require further analysis, potentially by replacing R or

B with another wavelength (e.g. green light) to determine

monochromatic ratio effects. Finally, the estimated phytochrome

photostationary state (PSS) value is slightly different for the R:B

+FR treatments in this study, due to their different spectral

compositions (Table 1). PSS is the ratio of Pfr (i.e. the active form

of phytochrome) to the total phytochrome and represents the

amount of phytochrome that can perform physiological responses

(Kreslavski et al., 2018). This may indicate that the results analyzed

when considering FR may be due to the general supplementation of

FR, the changed R:FR, or PSS value.

This study’s methodology used light treatments of FR with R:B

ratios throughout cultivation to present the advantages of spectral

growth conditions primarily in two directions. One direction (FR

addition) improves carbohydrates and yield, while the other direction

(high B in an R:B background) holds more potency in improved

nutritional quality. Consequently, CEA can utilize light treatments

that capitalize on the benefits of multiple wavelengths. By performing
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customized recipes there may be an approach to have the best of both

worlds, maximizing yield and nutritional quality.
5 Conclusions

In this study, we described that far-red and red:blue ratios affect

plant growth and nutritional quality in an additive manner. Higher

amounts of blue light in a red:blue background improved the

concentrations of antioxidant metabolites and certain nutrients in

lettuce, compounds which are associated with elevated nutritional

value. When supplemental far-red was added to any red:blue

background, lettuce consistently had improved growth and

carbohydrate concentration compared to the red:blue

backgrounds without far-red. Specifically, a low red:blue ratio,

when combined with supplemental far-red, was most successful at

maintaining growth (or limiting the negative growth effects of a low

red:blue ratio without far-red). Importantly, lettuce growth under

low red:blue ratios with supplemental far-red light also accumulated

greater concentrations of (non-)photosynthetic pigments, sugars,

starch, and certain key nutrients. Lastly, this study was designed

using treatments that can feasibly be implemented into a controlled

environment agriculture system with little modulation necessary,

adjustable based on desired growth or nutritional preferences.

Future studies should further analyze red:blue and far-red

interactions on the production of these, and other, nutritional

compounds via -omics studies to further improve the growing

repertoire of knowledge on plant production in controlled

environment agriculture.
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Tomato and mini-cucumber
tolerance to photoperiodic injury
involves photorespiration and
the engagement of nighttime
cyclic electron flow from
dynamic LEDs
Telesphore R. J. G. Marie*, Evangelos Demos Leonardos,
Naheed Rana and Bernard Grodzinski

Department of Plant Agriculture, University of Guelph, Guelph, ON, Canada
Controlled environment agriculture (CEA) is critical for achieving year-round

food security in many regions of the world. CEA is a resource-intensive endeavor,

with lighting consuming a large fraction of the energy. To lessen the burden on

the grid and save costs, an extended photoperiod strategy can take advantage of

off-peak time-of-day options from utility suppliers. However, extending the

photoperiod limits crop production morphologically and physiologically if

pushed too long. Here, we present a continuous-light dynamic light-emitting

diode (LED) strategy (involving changes in spectra, intensity, and timing), that

overcomes these limitations. We focused on tomato, a well described

photoperiodic injury–sensitive species, and mini-cucumber, a photoperiodic

injury-tolerant species to first assess morphological responses under control

(16-h photoperiod, unchanging spectrum), constant (24-h photoperiod,

unchanging spectrum), and two variations of a dynamic LED strategy, dynamic

1 (16-h “day”, 3-h “peak”, 8-h “night” spectra) and dynamic 2 (20-h “day”, 5-h

“peak”, 4-h “night” spectra). Next, we tested the hypothesis of photorespiration’s

involvement in photoperiodic injury by using a leaf gas exchange coupled with

chlorophyll fluorescence protocol. We further explored Adenosine triphosphate

(ATP): Nicotinamide adenine dinucleotide phosphate (NADPH) ratio supply/

demand responses by probing photosynthetic electron flow and proton flow

with the MultispeQ instrument. We found canopy architecture can be tuned by

minor variations of the same dynamic LED strategy, and we highlight dynamic 1

as the optimal choice for both tomato and mini-cucumber as it improved

biomass/architecture and first-yield, respectively. A central discovery was that

dynamic 1 had a significantly higher level of photorespiration than control, for

both species. Unexpectedly, photorespiration was comparable between species

under the same treatments, except under constant. However, preliminary data

on a fully tolerant tomato genotype grown under constant treatment

upregulated photorespiration similar to mini-cucumber. These results suggest

that photoperiodic injury tolerance involves a sustained higher level of

photorespiration under extended photoperiods. Interestingly, diurnal

MultispeQ measurements point to the importance of cyclic electron flow at

subjective nighttime that may also partially explain why dynamic LED strategies
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mitigate photoperiodic injury. We propose an ontology of photoperiodic injury

involving photorespiration, triose phosphate utilization, peroxisomal H2O2-

catalase balance, and a circadian external coincidence model of sensitivity that

initiates programmed cell death.
KEYWORDS

photoperiodic injury, photorespiration, dynamic LEDs, cyclic electron flow, tomato,
cucumber, continuous light, circadian rhythm
1 Introduction

Controlled environment agriculture (CEA), which includes

indoor and greenhouse production systems, is becoming

increasingly valuable for supplementing the nutritional needs of

people across the world such as in northern regions with cold low-

light winters, arid landscapes with drought-limiting field

agriculture, tropical islands with high import expenses and

hurricane susceptibility, and any metropolis with a dense urban

population that creates food desert zones. However, CEA comes at a

high energy cost. One of the largest consumers of energy in a CEA

operation is lighting, with sole-source lighting in indoor facilities

consuming much more than supplemental lighting in greenhouses

that varies depending on geographical location and season (Harbick

and Albright, 2016; Graamans et al., 2018; Weidner et al., 2021).

To tackle this obstacle, there have been recent advances in using

an extended photoperiod strategy that takes advantage of off-peak

time-of-day options provided by many utility suppliers to better

manage the grid and costs (Tewolde et al., 2016; Hao et al., 2018). In

fact, Ontario, Canada, can be one of the cheapest electricity sources

in the world for large-scale operations if they follow the Industrial

Conservation Initiative peak-shaving incentive (IESO, 2022;

Ontario Energy Board, 2023; Hao, personal communications).

Not only that, but the reason why peak costs are so high for

utility providers is because the grid must be supplemented with

fossil fuel generators during those times. During off-peak hours, the

grid can be sustained by clean energy sources like hydro, wind,

solar, and nuclear, which would, otherwise, be wasted if not used.

Therefore, CEA would benefit, economically and environmentally,

if it adheres to similar conservative energy-use policies.

Theoretically, if the supplemental light can be used for 24-h

photoperiods, then the supplemental light intensity can be reduced

by one-third while maintaining the same daily light integral (DLI)

(Hao et al., 2018). However, a major limitation to the extended

photoperiod strategy is the poor response that many species have to

continuous light (e.g., eggplant, peanut, geranium, tomato, potato,

lichen, and moss) (Velez-Ramirez et al., 2011). In the context of

CEA-relevant species such as tomato, at worst, it causes

photoperiodic injury, where yield is decreased and chlorotic

leaves manifest (Garner and Allard, 1927; Dorais, 2003). At best,

it is tolerated, as is the case for greenhouse cucumber (Hao et al.,
0298
2020; Lanoue et al., 2021). In many cases, it causes an overly

compact plant architecture (Warner et al., 2023). For example,

although continuous-light–tolerant tomato genotypes have been

identified, continuous light decreases leaf area and height of these

young transplants (Hao et al., 2018). Photoperiodic injury–tolerant

tomato transplants must acclimate over 7 weeks by incrementally

increasing the photoperiod from 16 h to 24 h, to effectively retain

vegetative-generative balance (van Ieperen, 2016; Hao et al., 2018).

Regardless of genotype, developmental stage, and species, the

application of continuous light is not physiologically beneficial

even though it is driving photosynthesis day and night.

If successful acclimation strategies can be identified for tomato

(Solanum lycopersicum L. ‘Money Maker ’), as a model

photoperiodic injury–sensitive species and model tomato cultivar,

then they would likely be useful for other species as well.

Accordingly, we include a comparative study on mini-cucumber

(Cucumis sativus L. ‘Beesan’) as a photoperiodic injury–tolerant

species. We also report preliminary data on a completely

photoperiodic injury–tolerant tomato genotype ‘UofGPIT.’

Both species were subjected to identical LED treatments that are

modified versions of an alternating red-daytime dim-blue nighttime

LED strategy that grew greenhouse tomato without injury (Lanoue

et al., 2019). Photoperiodic injury in tomato is related to an

arrhythmic circadian rhythm (Highkin and Hanson, 1954;

Hillman, 1956; Velez-Ramirez et al., 2017a), and it is our

perspective that efforts directed toward entraining the circadian

rhythm will improve acclimation to extended photoperiod/

continuous light (Marie et al., 2022). Furthermore, understanding

circadian rhythm entrainment can help with guiding/compensating

for the daily shifts in peak electrical pricing when growers would

need daily fidelity in shifting supplemental lighting intensity

without unbalancing the crop.

While constrained by the central motive of circadian

entrainment, we can modify the alternating LED strategy to steer

toward a better canopy architecture and measure the induced

photosynthetic effects to gain insights that may further improve

our understanding of photoperiodic injury tolerance. It would be

helpful to identify specific photosynthetic traits that are diagnostic

of successful acclimation to photoperiod extension. Or better yet,

can we identify mechanisms that optimize photosynthesis under

photoperiod extension and postulate future modifications that
frontiersin.org
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would engage them? Knowledge about these mechanisms would

also aid in CEA-specific breeding efforts.

One proposition that can be largely agreed on is photoperiod

extension imposing a state of excess energy. Depending on the

source-sink balance and environmental factors, when there exists a

state of excess incoming energy, different types of dissipative/

protective mechanisms can be engaged in the short term. Long-

term acclimation to excess excitation involves downregulation of

source capacity and upregulation of sink capacity (Huner et al.,

2003). The opposite response is induced under limited light

availability. Collectively, these balancing responses are termed

photostasis (Huner et al., 2003). In this context, we hypothesize

photorespiration and its associated effects on metabolism/light

reactions as a major mechanism involved with acclimating to

extended photoperiods.

Photorespiration refers to a complex pathway that is initiated by

oxygen (O2) competing against carbon dioxide (CO2) as a substrate

with ribulose bisphosphate (RuBP) catalyzed by RuBP carboxylase/

oxygenase (RuBisCO), creating an alternative pathway at the first

step of the Calvin cycle (Ogren, 1984). Oxygenation of RuBP results

in the production of phosphoglycolate and one phosphoglycerate,

instead of two phosphoglycerates from RuBP carboxylation. In C3

plants, phosphoglycolate is eventually converted into

phosphoglycerate to contribute to the Calvin cycle after several

steps progressing through the chloroplast, peroxisomes,

mitochondria, and back. A detailed description of these steps is

not the focus of this manuscript, but some of them are highlighted

as having significant implications for photoperiod extension.

Photorespiration has been reported to be an important

energetic sink mechanism being used under drought stress

(Valentini et al., 1995; Guan and Gu, 2009), salt stress (Hannachi

et al., 2022), and combined high temperature/light stress (Osei-

Bonsu et al., 2021). However, Smith et al. (2023) found that

photorespiration is not a short-term energy dissipative pathway

that directly alleviates photosystem II (PSII) damage. Rather,

photorespiration has a role in sustaining the Calvin cycle that

allows for the timely synthesis of D1 protein slotted for PSII

repair (Takahashi et al., 2007). It sustains the Calvin cycle by

ensuring sufficient inorganic phosphate (Pi) substrate for ATP

turnover. The relationship between photorespiration and Calvin

cycle turnover can be best observed as triose phosphate utilization

(TPU) limitation (Sharkey, 1985; McClain and Sharkey, 2019).

Photorespiratory-mediated Pi release, which has a positive effect

under TPU-limited conditions, also has an impact on ATP:

NADPH stoichiometry. It has been established that increased

relative levels of photorespiration increases relative ATP demand,

changing the ATP: NADPH demand stoichiometry, which needs to

be balanced by increasing the ATP: NADPH ratio supply via

upregulating ATP-generating (cyclic) or NADPH-consuming/

alternative electron sink (pseudo-cyclic) mechanisms (Kramer

and Evans, 2011).

In addition to a hypothesized increase in photorespiration

under successful acclimation to extended photoperiods, we also

hypothesize an associated increase in cyclic/pseudo-cyclic
Frontiers in Plant Science 0399
mechanism to sustain it. Our objectives were to 1) measure basic

morphological and biomass partitioning in tomato and mini-

cucumber under dynamic LEDs, 2) employ a combined gas

exchange and fluorescence protocol to quantify photorespiration,

3) probe ATP balancing mechanisms during the short-term diurnal

phases of the dynamic LED treatments and the long-term

acclimated steady state, and 4) assess the similarities and

differences between photoperiodic injury–sensitive tomato

‘Money Maker’ and photoperiodic injury–tolerant mini-cucumber

‘Beesan’ (along with supplemental comparisons to a tolerant

tomato genotype).
2 Methods

2.1 Plant material and growth conditions

At the University of Guelph, Ontario, Canada, tomato ‘Money

Maker’ was sown and placed in a growth chamber (Conviron,

Winnipeg, Canada) for 2 weeks, under humidity domes with

environmental conditions set to 25°C (day/night) and fluorescent

lighting (5,000-K white, single pin T12 tubes, Sylvania Inc.,

Wilmington, MA, USA) set to 150 μmol m−2 s−1 photosynthetic

photon flux density (PPFD) for 16-h light/8-h dark photoperiod.

Mini-cucumber ‘Beesan’ was sown under identical conditions but

for 1 week. The most vigorous plants were then transplanted into

15-cm-wide plastic square pots filled with standard potting mix

(Sungro professional growing mix #1, Soba Beach, AB, Canada) and

transferred into a “nursery” growth chamber (GC-20 Bigfoot series,

Biochamber, Winnipeg, Canada) equipped with LEDs (see below

lighting treatment) for 7 days set to 21°C (day/night), 65% relative

humidity, 300 μmol m−2 s−1 PPFD, and 16-h light/8-h dark

photoperiod. Afterward, plants were transferred to treatment

chambers (GC-20 Bigfoot series, Biochamber, Winnipeg,

Canada), all under identical environmental conditions (previously

calibrated with external sensors) except for the lighting treatments

described below. Fertigation was supplied as needed with 20–8-20

fertilizer (Plant Products Inc., Leamington, ON, Canada) mixed in

regular tap water (Guelph, Ontario tap water is relatively high in

carbonates, pH approximately 7, electrical conductivity (EC)

approximately 0.85 mS/cm) and adjusted to a pH of 5.6 with

phosphoric acid to a final EC of 1.75 mS/cm. Leaf gas exchange

and fluorescence measurements were done 42 days after sowing

(DAS) for tomato and 35 DAS for mini-cucumber, targeting the

third true leaf. After photosynthetic measurements, an additional 4

days were given until destructive analysis (all on the same day of the

given week). At this relatively large transplant age, ‘Money Maker’

only had small primordial floral development, but mini-cucumber

‘Beesan’ had several fruits of harvestable size. To assess this early

yield, no thinning was performed prior to destructive harvest and

only fruits that were >5-cm long were included in the weight (in

some cases, there were a dozen or more<2-cm fruits that were not

included in weight measurements).
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2.2 Lighting treatments

Biochambers had four independently controllable light banks

that were each equipped with T5-type ballast compatible

replacement LEDs tubes (red LEDs, SKU F54T5HO-LED36R,

Growlights Canada Inc., Beamsville, ON, CAN; blue LEDs, SKU

F54T5HO-LED36B, Growlights Canada Inc., Beamsville, ON,

CAN; 3,500-K white, LED25WT5HO/46/835-G8DR, Lumenco

Inc . , Tro i s -Riv ières , QC, CAN; and 5 ,000-K whi te ,

LED25WT5HO/46/850-G8DR, Lumenco Inc., Trois-Rivières, QC,

CAN). Depending on the treatment, different designated light banks

were use to supply the needed spectrum that had either control

(steady unchanging spectrum for 16-h photoperiod), constant

(steady unchanging spectrum for 24-h photoperiod), dynamic 1

(changing spectrum and intensity depending on time of day), or

dynamic 2 (changing spectrum and intensity depending on time of

day) (Figure 1). The spectrum was changed by using biochamber

control software for timing different light banks with the addition of

separate far-red LED fixtures on a timer (FGI Far Red, FARREDLB,

Forever Green Indoors Inc., Seattle, WA, USA). Total DLI and far-

red DLI were the same across all treatments; however, blue DLI was

only the same between control and constant or dynamic 1 and

dynamic 2 (Supplementary Material 1).
2.3 Leaf gas exchange and
chlorophyll fluorescence

Simultaneous gas exchange and chlorophyll fluorescence were

performed using two LiCor 6400 (LI-COR Biosciences, NE, USA)

instruments side by side, each with the 6400–40 leaf chamber

fluorometer head. All measurements were done with the LiCor

6400 heads fixed inside a growth chamber to maintain ambient
Frontiers in Plant Science 04100
lighting and temperature around the whole plant while protocols

were being done on the individual leaf.

A quick transition between 21% and 2% O2 (Supplementary

Material 2) was done to follow the photorespiration protocol

explained by Bellasio et al. (2014). The protocol provides the

necessary variables to derive RuBisCO activities (Equation 1).

Photorespiration is calculated as the ratio between RuBisCO

oxygenase activities (VO) and RuBisCO carboxylation activities

(VC), VO/VC. The equation requires gross assimilation (GA under

21% O2 and GA under low O2) as inputs, and, in our case, we used

dark respiration (rather than day respiration estimation techniques)

to calculate it from net assimilation (and net assimilation under low

O2) as it was simply more convenient in our protocol. In support of

this decision, variations in day respiration estimates only sway the

results by approximately 4% according to the sensitivity analysis

done by Bellasio et al. (2014). The equation also requires PSII

photochemical quantum yield (YII) under ambient O2 and low O2.

VO

VC
=
2GALow O2

Y(II)
Y(II)Low  O2

− 2GA

GALow O2
Y(II)

Y(II)Low  O2
+ 2GA

(1)
2.4 MultispeQ measurements

The MultispeQ (PhotosynQ Inc., MI, USA) is a leaf

spectrophotometer/fluorometer designed for open-source research

(Kuhlgert et al., 2016). The programmability and customizations

available make it a very useful tool. The “Photosynthesis RIDES 2.0”

protocol was selected as it has very high throughput and provides

over 14 photosynthetic response variables in approximately 1 min.

An overview of the equations used in the protocol can be found on

PhotosynQ’s webpage “documentation” under the subsection

“references and parameters” (Kramer et al., 2023). The protocol
B

C

D

E

A

FIGURE 1

Schedule of light treatments. A single diurnal cycle is represented by non-shaded (day) and shaded bars (night) (hour 1 = 8 am) (A). Light intensity is
plotted across time-of-day for each light treatment, which are sum to equivalent DLIs (17.28 mol m−2 d−1) (A). Control (solid line) and constant
(double thin line) both had the same relative spectra for their entire photoperiod (B), consisting of cool-white supplemented with red and far-red
spectra (CW + R + FR). Dynamic 1 and dynamic 2 had a “day” spectrum of warm-white plus red (WW + R) for the first 2 h after subjective dawn (D).
They then received a “peak” spectrum (C) that supplemented 140 PPFD of pure blue on top of day spectrum (WW + R + Bl) for 3 h and 5 h,
respectively. After the peak phase was finished, they returned to “day” spectrum until the end of their 16-h and 20-h photoperiods, respectively.
During subjective night, they each received dim-blue and far-red (Bl + FR) (E), although the intensity of far-red was higher in dynamic 2 to ensure all
treatments received the same dose of FR (Supplementary Material 1).
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and associated macro were used in their original form, without

modifications. The protocol also offers the measurement of

broadband electrochromic shift (ECS) under dark-interval

relaxation kinetic (DIRK) assays that can be used in combination

with fluorescence techniques, described by Baker et al. (2007).

Together, using the “Photosynthesis RIDES 2.0” protocol, it is

possible to probe both electron flow and proton flow under

steady-state light-adapted conditions. Two parameters were

calculated separately in excel that combine fluorescence and

absorption parameters provided by the MultispeQ according to

Baker et al. (2007). Proton motive force from linear electron flow

(LEF) only (pmfLEF) was calculated by dividing the fluorescence-

based parameter LEF by the ECS DIRK absorption–based

parameter that estimates ATP synthase conductivity/activity

(gH+). Proton pumping by cyclic electron flow (CEF) (nH+LEF
−1)

was calculated by dividing the ECS DIRK absorption–based relative

proton flux (nH+) by fluorescence-based LEF and multiplying it by

1,000 (Avenson et al., 2005; Baker et al., 2007). Apparent

conductance of cytochrome b6f was calculated by dividing LEF by

the portion of closed PSII reaction centers, where open reaction

centers follow the lake model (qL), giving a parameter notation

[LEF (1 − qL)−1] (Johnson et al., 2021).

Depending on the experimental design, either the plants were

transferred to a growth chamber for measurements under identical

environmental conditions (PPFD, RH%, and temperature) (for 3-

week acclimated representative steady state) or the measurements

were taken under the actual conditions for the designated

treatments (with different PPFD/spectrum) (for short-term time-

course experiment).

Note that, throughout the time course, the plants acclimated to

changes in light intensity and quality, but our measurements were

done under a common light quality (red, 660 nm) that only

responds to ambient light intensity sensed on the top of the

MultispeQ. This is simply the programming of the Photosynthesis

RIDES 2.0 protocol. Future studies could customize light quality

differences, but these results serve as a good indication of

photosynthetic mechanisms using an unaltered protocol that is

widely available and repeatable.
2.5 Whole-plant biomass and partitioning

Plants were harvested destructively for total above-ground

biomass, biomass partitioning (between leaves, petioles, and

stems), and plant architecture (stem height, leaf surface area,

specific leaf area, etc.). Partitioned plant materials were dried in

an oven to get the measurement of dried weights. Leaf area was

measured by using a personal smartphone, with the Easy Leaf Area

app (Easlon and Bloom, 2014), rigged to a retort stand to maintain

consistent lighting and distance from a black cloth background with

a 4-cm2 red cardboard square for automatic scaling in the app. Once

the best green/blue/red scales were adjusted to ensure uniform leaf

and red square highlighting, the same settings were used for all

future pictures through the app.
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2.6 Statistics

Statistical analyses were done using Proc Glimmix in SAS

Studio 3.81. One-way analysis of variance (ANOVA) was

performed on the destructive whole-plant datasets according to a

completely randomized block design, with light treatment as fixed

factor and random factor blocked by week of sowing. Tomato had

10–12 samples over 5 successive weeks of sowing. Week of sowing

was blocked as it contained a high amount of variability due to

slight age differences between cohorts of sowing and other

unknown random factors. When ANOVAs were significant (p<

0.05), means comparisons were performed using Tukey–Kramer

adjustment, testing the significant difference (p< 0.05).
3 Results

3.1 Tomato canopy architecture, biomass,
and partitioning

Over a 3-week course of treatment, constant light accumulated

the least biomass resulting in a significant difference in total

biomass compared to all other treatments (Table 1). Specific leaf

area was the highest under constant light compared to all other light

treatments, and, inversely, the leaf mass per area was significantly

lower under constant light. Biomass partitioning analysis found that

constant light allocated more dry weight to stem mass fraction at

the expense of leaf mass fraction, both significantly different from

control. Leaf area under constant light was not significantly

different from control or dynamic 2, but it was significantly lower

than dynamic 1. The same was true for height.

Dynamic 1 had a significantly higher total biomass than control

and constant but not significantly different from dynamic 2.

Dynamic 1 was the tallest of all light treatments (Figure 2).

Biomass partitioning trends for dynamic 1 showed a higher stem

mass fraction than control at the expense of petiole mass fraction,

with no significant difference in leaf mass fraction. Specific leaf area

and leaf mass per area were not significantly different from control;

however, they were both different from constant.

Dynamic 2 accumulated more total biomass than constant but

was not significantly different from control or dynamic 1. Leaf mass

per area was higher in dynamic 2 compared to all other treatments,

but specific leaf area did not reflect this difference. Dynamic 2

height, leaf area, and stem mass fraction were not significantly

different from control or constant. Dynamic 2 petiole mass fraction

was lower than control and constant but the same as dynamic 1.

Leaf mass fraction was higher than constant and dynamic 1 but not

significantly different from control.

On a qualitative visual level of leaves, dynamic 1 did not have

any observable chlorosis (nor did control), whereas constant had a

severe chlorosis that was variable in degree across replicates.

Dynamic 2 had a very minor form of chlorosis that was almost

imperceptible, and it was not noticed in some replicates.
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3.2 Mini-cucumber canopy architecture,
biomass, and partitioning

Overall, dynamic 1 had higher total biomass and greater height

than constant and dynamic 2 treatments, but neither variable was

significantly different from control (Table 2). Interestingly, leaf

morphology looked different between dynamic 1 and control;

however, it was not quantified (Figure 2).

Dynamic 1 had the highest yield compared to all other

treatments. Furthermore, the fruit in both dynamic treatments

looked much greener and of higher quality than control and

constant (Figure 3). Biomass partitioning showed that dynamic 1
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allocated more dry matter to petiole mass fraction than any other

treatment and allocated less to leaf mass fraction than the others.

Dynamic 1 had the highest harvest index; however, it was not

significantly different from control unless the alpha value is relaxed

to 0.10 (p = 0.0921), which would help interpretation considering

the higher yield and significantly less allocation to leaf mass fraction

while maintaining similar total biomass.

Constant-light treatment had the lowest total biomass

compared to all other treatments. Yield was significantly less

under constant light than the other treatments, except for

dynamic 2. Height and leaf area showed the same trend, with

constant light being less than control and dynamic 1, but not
FIGURE 2

Representative size and architecture of (A) tomato ‘Money Maker’ and (B) mini-cucumber ‘Beesan’ after being exposed to indicated light treatments
for 3 weeks. Both species are represented by spliced images, with the same control plant that was not moved from its position in each
cropped section.
TABLE 1 Biomass and partitioning traits measured from destructive analysis comparing tomato ‘Money Maker’ grown under different photoperiod
extension strategies in growth chambers.

Light treatment Control Constant Dynamic 1 Dynamic 2

Total Biomass (g) 10.63 ± 1.16 B 7.86 ± 1.16 C 12.90 ± 1.14 A 11.73 ± 1.14 AB

Height (cm) 28.0 ± 2.1 B 30.3 ± 2.1 B 40.1 ± 2.0 A 29.9 ± 2.0 B

Leaf area (m2) 0.206 ± 0.018 AB 0.183 ± 0.018 B 0.230 ± 0.018 A 0.186 ± 0.018 B

Specific leaf area (m2 kg−1) 29.0 ± 1.9 B 37.6 ± 1.9 A 27.5 ± 1.8 B 24.0 ± 1.8 B

Leaf mass per area (g m−2) 35.6 ± 1.9 B 27.7 ± 1.9 C 37.1 ± 1.8 B 43.0 ± 1.8 A

Stem mass fraction (g g−1) 0.16 ± 0.007 C 0.19 ± 0.007 AB 0.20 ± 0.007 A 0.17 ± 0.007 BC

Petiole mass fraction (g g−1) 0.16 ± 0.003 A 0.17 ± 0.003 A 0.14 ± 0.003 B 0.15 ± 0.003 B

Leaf mass fraction (g g−1) 0.67 ± 0.008 AB 0.64 ± 0.008 C 0.66 ± 0.008 BC 0.68 ± 0.008 A
Mass fractions (in dry weight) were calculated by dividing the organ of interest by total above-ground biomass. Means and standard error (n = 10–12) are presented with letters to denote if a
significant difference was found using least square means with Tukey–Kramer adjustment (p< 0.05), same letters are not significantly different from each other.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1384518
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Marie et al. 10.3389/fpls.2024.1384518
significantly different from dynamic 2. Biomass partitioning shows

constant light induced more dry matter to be allocated to leaf mass

fraction than harvest index compared to control.

Dynamic 2 had a total biomass that was significantly higher

than constant. However, height and leaf area were both comparable

to constant. The extra biomass was observed to come from an

increase in leaf mass per area, which was significantly higher than

all other treatments. Dynamic 2 diverted the most partitioning away

from stemmass fraction compared to all treatments. Interestingly, it

had an intermediate level of partitioning to petiole mass fraction
Frontiers in Plant Science 07103
that was significantly greater than control, but significantly less than

dynamic 1. It also retained more partitioning to leaf mass fraction

than dynamic 1, being comparable to both constant and control.

Finally, dynamic 2 yield and harvest index were significantly lower

than dynamic 1 and not significantly different from either control

or constant.
3.3 Photosynthesis and photorespiration of
tomato and mini-cucumber under ambient
conditions after 3-week acclimation

The initial survey measurements described in Methods section

“Leaf gas exchange and chlorophyll fluorescence” were designed to

follow a high throughput screening method for determining rates of

photorespiration (Bellasio et al., 2014). The intention was to

quantify photorespiration at ambient conditions for each

lighting treatment.

Upon a standard gas exchange analysis of dark respiration, net

assimilation (ambient O2), and net assimilation (low O2), the only

apparent significant difference across treatments is the severe

decline found under constant light for tomato (Figure 4).

Constant-light treatment for cucumber, however, maintained all

parameters similar to control with the exception of having

significantly greater respiration in the dark. Although net

assimilation under low O2 seems higher under constant for

cucumber, the variability between samples masks any significant

differences. Net assimilation under ambient O2 was significantly

lower under dynamic 2 than control for cucumber but was not

different under low O2.

The same differences across treatments, relative to constant-

light treatment depending on species, were found from a standard

chlorophyll fluorescence analysis of maximum quantum yield (Fv/

Fm) of PSII and PSII photochemical quantum yield (YII), where

only constant-light treatment for tomato was significantly lower
FIGURE 3

Representative image of mini-cucumber ‘Beesan’ first harvest (from
two plants) after approximately 3 weeks of growth under the
indicated light treatments. Dynamic 1 had the highest yield as
depicted in the image, and it was statistically significant. Note that
both dynamic LED treatments induced a greener fruit, which was
not quantified in the present study.
TABLE 2 Biomass and partitioning traits measured from destructive analysis comparing mini-cucumber ‘Beesan’ grown under different photoperiod
extension strategies in growth chambers.

Light treatment Control Constant Dynamic 1 Dynamic 2

Total biomass (g) 17.05 ± 1.09 AB 11.05 ± 1.09 C 18.17 ± 1.09 A 15.43 ± 1.07 B

Yield (g) 70.42 ± 13.36 B 31.17 ± 13.36 C 93.77 ± 13.35 A 52.42 ± 13.20 BC

Height (cm) 81.09 ± 4.12 A 54.72 ± 4.12 B 70.44 ± 4.12 A 52.08 ± 3.98 B

Leaf area (m2) 0.290 ± 0.018 A 0.225 ± 0.018 B 0.283 ± 0.018 A 0.228 ± 0.017 B

Specific leaf area (m2 kg−1) 30.22 ± 1.40 A 32.59 ± 1.40 A 31.58 ± 1.40 A 23.88 ± 1.32 B

Leaf mass per area (g m−2) 33.90 ± 1.47 B 31.06 ± 1.47 B 31.98 ± 1.47 B 42.07 ± 1.1.40 A

Stem mass fraction (g g−1) 0.18 ± 0.01 A 0.18 ± 0.01 A 0.17 ± 0.01 A 0.14 ± 0.01 B

Petiole mass fraction (g g−1) 0.058 ± 0.003 C 0.054 ± 0.003 C 0.078 ± 0.003 A 0.068 ± 0.003 B

Leaf mass fraction (g g−1) 0.57 ± 0.03 B 0.64 ± 0.03 A 0.50 ± 0.03 C 0.62 ± 0.03 AB

Harvest index (g g−1) 0.19 ± 0.03 AB* 0.12 ± 0.03 C 0.25 ± 0.03 A* 0.17 ± 0.03 BC
Mass fractions (in dry weight) were calculated by dividing the organ of interest by total above-ground biomass. Yield was the first harvest from unpruned 6- to 7-week-old plants (fresh weight).
Means and standard error (n = 8–9) are presented with letters to denote if a significant difference was found using least square means with Tukey–Kramer adjustment (p< 0.05), same letters are
not significantly different from each other.
*Harvest index difference between control and dynamic 1 (p = 0.0921).
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(Figure 5). These results on their own are commonly reported in the

literature and used to assess the effectiveness of treatments.

All treatments, except constant light, had comparable RuBisCO

carboxylation activities (VC) and RuBisCO oxygenase activities

(VO) for tomato (Figure 6), whereas cucumber VC was

significantly lower in dynamic 2 than control and VO was

significantly higher in constant than control. For tomato, the

RuBisCO oxygenase to carboxylation activity ratio (VO/VC)

shows a significant increase in dynamic 1 compared to control,

whereas VO/VC in constant-light treatment balanced out to be

equivalent to the other treatments, which makes sense considering

it was equally depressed in both VC and VO. For cucumber, VO/VC

was significantly higher in all photoperiod extension treatments

than control.
3.4 Long-term MultispeQ-derived
photosynthetic variables of tomato

After 3 weeks of acclimation to respective lighting treatments,

tomato plants were transferred (at approximately 2 pm) to a

common growth chamber so that they all may be measured

under similar conditions. In terms of fluorescence-based

parameters provided by the MultispeQ instrument (Table 3), all

analyzed light treatments had comparable LEF. PSII maximum

efficiency (Fv’/Fm’) and non-photochemical quenching (NPQt)

were significantly lower and higher, respectively, in dynamic 2

compared to control and dynamic 1. Although NPQt was

reported, the protocol does not distinguish between quenching

mechanisms possible through time-dependent quenching assays
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for qE, qT, and qI. Dynamic 1 had a significantly lower fraction of

open PSII reaction centers (qL) than control, but dynamic 2 was not

significantly different from either. Dynamic 1 also had a

significantly lower apparent conductance of cytochrome b6f (Cyt

b6f) [LEF (1 − qL)−1], a parameter derived from Johnson

et al. (2021).

Quantum yield of PSII (fPSII) is significantly lower in both

dynamic treatments than control. However, the fraction of

dissipated energy as regulated NPQ (fNPQ) is higher in dynamic

2 than control and dynamic 1, whereas non-regulated dissipation

(fNO) is higher in dynamic 1 than control, but not different from

dynamic 2.

Absorption-based parameters give further information on

thylakoid dynamics. Dynamic 1 had a significantly higher steady-

state proton efflux/conductivity through ATP synthase (gH+)

compared to both control and dynamic 2. Also, the total (light to

dark) protonmotive force across the thylakoid membrane (ECSt) was

significantly lower in dynamic 1 than control and somewhat lower

than dynamic 2 but not significantly. Relative proton flux (nH+) was

not significantly different between any treatments, although dynamic

2 seemed lower.

Combining fluorescence and absorption-based parameters gives

some more relationships to explore. The proton motive force from

LEF only (pmfLEF) was lower in dynamic 1 than both control and

dynamic 2. However, proton pumping by CEF (nH+ LEF
−1) was not

significantly different between any treatment. In addition, ECSt

maintained the same relative relationship with the lowered pmfLEF,

again indicating that CEF did not significantly increase. However,

there is one limitation to the comparisons found through the

relationship between pmfLEF and nH+ being different in dynamic 1
BA

FIGURE 4

Carbon exchange rates measured under ambient conditions from tomato ‘Money Maker’ (A) and mini-cucumber ‘Beesan’ (B) leaves acclimated to
different lighting treatments. For tomato, all treatments, except constant, are not significantly different from each other. For mini-cucumber,
constant seems to have a higher net assimilation (low O2), but it is not significant. However, constant has a larger dark respiration than all other
treatments. Dynamic 2 has a lower net assimilation (ambient O2) than control, but it is not significantly different from constant and dynamic 1. Means
and standard error (n = 4) are presented with letters to denote if a significant difference was found using least square means with Tukey–Kramer
adjustment (p< 0.05), same letters mean they are not significantly different from each other.
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compared to both control and dynamic 2. This can either indicate a

pigment composition change or differing ECS response. Considering

dynamic 2 has a differing pigment composition (SPAD), it may be

difficult to draw conclusions for it. It is also important to reiterate that

dynamic 2 had some very mild injury, but it did provide information

on imbalances compared to control and dynamic 1.

Finally, the analysis of the electron transport chain can be

completed by observing the oxidation state of PSI centers using the

absorption-based methods programmed into the RIDES 2.0

protocol of the MultispeQ. Both dynamic 1 and dynamic 2 had

significantly higher fraction of over reduced PSI centers than

control. However, dynamic 1 PSI oxidized centers and PSI open

centers were not significantly different than control, whereas

dynamic 2 was. Nonetheless, dynamic 1 seemed to be under

slightly less pressure than dynamic 2. Dynamic 2 also had higher

active PSI centers than control, and dynamic 1 was between the two

showing no significant difference either way. Combined with the

fact that qL was significantly lower in dynamic 1 than control (and

dynamic 2 was lower but not significantly than control) and the

differing gH+/NPQt responses, we can interpret that both dynamic

1 and dynamic 2 had more reduced electron transport chains than

control, and they each engaged different mechanisms to deal with it.
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3.5 Short-term diurnal MultispeQ patterns
under different lighting treatments
in tomato

Upon the first day of tomato plants being transferred to their

respective treatments (from a shared growth chamber), a time-

course series of MultispeQ measurements were taken under in situ

conditions (Figures 7, 8). “Post-Dawn Hour 1 Day 1” was taken 1 h

to 2 h after transfer/start of the photoperiod. “Mid-Day Hours 4–6”

was taken between 4 h and 6 h into the photoperiod, with the range

implying that dynamic 1 and dynamic 2 were measured near the

end of their respective high blue light phase to capture the full effect

of duration (control and constant were measured between them).

“Hour 8” and “Hour 12” did not have any measurements, rather

they are shown to ensure the x-axis time points are evenly spaced.

“Pre-Dusk Hour 16” was measured just prior to the end of the

control photoperiod (<16 h), whereas “Pre-Dusk Hour 20”

represents the end of the photoperiod for dynamic 2 treatment

(<20 h). “Pre-Dawn Hour 23” was measured prior to the start of the

next photoperiod (<24 h). “Post-Dawn Hour 1 Day 2” was

measured 1 h to 2 h after the start of the next photoperiod, 24 h

after post-dawn (day 1).
B

C
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A

FIGURE 5

Fluorescence parameters measured under ambient conditions from tomato leaves acclimated to different lighting treatments. Maximum quantum
yield of PSII (Fv/Fm) (A, C) and PSII photochemical quantum yield (YII) (B, D). For tomato, all treatments, except constant, are not significantly
different from each other. For cucumber, constant retained PSII function similar to all other light treatments. Means and standard error (n = 4) are
presented with letters to denote if a significant difference was found using least square means with Tukey–Kramer adjustment (p< 0.05), same letters
are not significantly different from each other.
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Generally, for all treatments, PSII maximum efficiency (Fv’/

Fm’) (A) tends to decrease to its lowest values by the end of the

acclimated photoperiod (Pre-Dusk Hour 16) with absolute values

largely dependent on light intensity. The impact is seen in a likewise

decline of PSII operating efficiency (FPSII) (B) over the

photoperiod, largely explained by increases in regulated

dissipation of excitons through NPQ (FNPQ) (C) and NPQt (H).
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However, non-regulated dissipation (FNO) adds an independent

source of diurnal variation to FPSII through changes in the fraction

of PSII open reaction centers (qL), which is indicative of basal/dark

quenching. At mid-day, under unchanging light of control and

constant, there is an increase in FNO (decrease in qL) that is

mitigated by acclimation to an increase of blue light intensity in

both dynamic treatments (this is not intuitive as qL generally
B
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FIGURE 6

RuBisCO carboxylase (A, D) and oxygenase (B, E) activities under ambient conditions (VC and VO) and photorespiration estimated by their ratio (VO/
VC) (C, F). Constant-light treatment for tomato had a significantly lower VC and VO than control. Dynamic 1 and dynamic 2 were similar to control in
VC and VO, and both were significantly higher than constant. VO/VC was significant different between control and dynamic 1. Cucumber, however,
maintains higher VO/VC under constant (and both dynamic LED treatments) than control. Means and standard error (n = 4) are presented with letters
to denote if a significant difference was found using least square means with Tukey–Kramer adjustment (p< 0.05), same letters are not significantly
different from each other.
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decreases with increases in light intensity). As the photoperiod is

extended beyond Hour 16 for constant, it seems there is a slight

rhythm in FPSII and FNO/qL, whereas FNPQ, but more so NPQt,

plateaus at Pre-Dusk Hour 16, only slightly declining over the rest

of the night into the next day. For both dynamic treatments, Fv’/Fm’

(with NPQt) does not recover for the first 4 h of the low-light

portion of their respective nighttime spectral treatments and, in

both cases, recovers most prominently upon re-introduction to “day

spectrum” from Pre-Dawn Hour 23 to Post-Dawn Day 2 Hour 1.

The total light-dark proton motive force (ECSt) (G) agrees well with

NPQt for control and constant during the acclimated photoperiod,

indicating that luminal pH was driving NPQt as expected (although

we cannot officially differentiate quenching components with this

protocol). However, during Pre-Dusk Hour 20 and Pre-Dawn Hour

23 and just Pre-Dawn Hour 23, when dynamic 1 and dynamic 2

were in their subjective nights, respectively, ECSt was no longer

associated with NPQt. NPQt remained high, whereas ECSt

dropped, showing a persistent form of photoinhibition rather

than a quick reversible quenching. ECSt must have dramatically

dropped thanks to a large drop in light intensity that decreased

relative proton flux (nH+) (J) along with an increase in ATP
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synthase activity (gH+) (I). There was also a profound three- to

five-fold increase in proton pumping mediated by CEF (nH+ LEF
−1)

(L) that aligns closely with the increased gH+. A drop in proton

motive force driven by LEF (pmfLEF) (K) and a five-fold drop in

apparent conductance of cytochrome b6f to LEF [LEF (1 − qL)−1]

(F) confirm a transition from LEF to CEF once low-light nighttime

treatment started regardless of timing. Overlaid on this light-

dependent recovery mechanism was a time-dependent

mechanism. Dynamic 1 had an advantage, much more than

dynamic 2, between Pre-Dusk (Hour 16) and Pre-Dusk (Hour

20) that shows there was a conditional and different kind of

recovery through FNO/qL when transferred into low light.

Dynamic 2 seems to have missed this FNO/qL window and

instead displays the complete opposite response when it is

transferred into low light. Both dynamic LED responses,

considered together but in shifted phases, indicate a nighttime

recovery from a non-regulated quenching mechanism (and a

susceptibility to it) that seems to be gated, creating a coincidence

between circadian rhythm and metabolism fluctuation. The

background circadian signal can be seen in the slight FNO/qL

rhythm in constant at the same phases and the dramatic increase
TABLE 3 A comparison of photosynthetic variables from tomato leaves grown under different photoperiod extension strategies in growth chambers
acquired with MultispeQ using the protocol “Photosynthesis RIDES 2.0”.

Light treatment Control Dynamic 1 Dynamic 2

Linear electron flow LEF 64.38 ± 1.192 A 61.40 ± 0.766 A 61.64 ± 0.801 A

PSII maximum efficiency Fv’/Fm’ 0.783 ± 0.002 A 0.781 ± 0.001 A 0.772 ± 0.002 B

Non-photochemical quenching NPQt 0.352 ± 0.018 B 0.366 ± 0.010 B 0.443 ± 0.020 A

Fraction of PSII centers in open state qL 0.623 ± 0.015 A 0.551 ± 0.010 B 0.569 ± 0.018 AB

Apparent conductance of Cyt b6f to linear electron flow LEF (1 − qL)−1 173.6 ± 10.70 A 138.2 ± 4.069 B 146.9 ± 8.121 AB

Quantum yield of PSII (fraction of excitons driving LEF) fPSII 0.691 ± 0.006 A 0.662 ± 0.004 B 0.657 ± 0.008 B

Fraction of excitons dissipated through regulated non-photochemical quenching fNPQ 0.080 ± 0.004 B 0.090 ± 0.002 B 0.105 ± 0.005 A

Fraction of excitons dissipated through non-regulated mechanisms fNO 0.228 ± 0.004 B 0.247 ± 0.003 A 0.238 ± 0.005 AB

Steady-state relative thylakoid proton efflux (ATP synthase conductivity/activity) gH+ 143.9 ± 9.789 B 186.9 ± 8.300 A 133.8 ± 8.272 B

Relative proton flux (H+/ATP ratio multiplied by ATP synthesis rate) nH+ 0.084 ± 0.003 A 0.082 ± 0.002 A 0.076 ± 0.003 A

Proton pumping by cyclic electron flow (×1,000) nH+ LEF−1 1.300 ± 0.045 A 1.344 ± 0.049 A 1.241 ± 0.054 A

Proton motive force from linear electron flow only pmfLEF 0.484 ± 0.033 A 0.344 ± 0.016 B 0.482 ± 0.035 A

Total light-dark D pmf (×1,000) ECSt 0.627 ± 0.055 A 0.453 ± 0.020 B 0.603 ± 0.066 AB

Lifetime of steady-state ATP synthase proton efflux (×1,000) ECS 7.476 ± 0.536 A 5.543 ± 0.220 B 7.682 ± 0.538 A

Oxidized PSI centers, where acceptors lack electrons PSIox 0.237 ± 0.027 A 0.166 ± 0.053 AB 0.114 ± 0.029 B

Over reduced PSI centers, where acceptors are saturated with electrons PSIor 0.276 ± 0.084 B 0.551 ± 0.050 A 0.557 ± 0.033 A

Open PSI centers that are ready to accept electrons PSIo 0.669 ± 0.093 A 0.382 ± 0.067 AB 0.313 ± 0.047 B

Active PSI centers that are “operational” to receive/pass electrons PSIA 1.390 ± 0.088 B 1.597 ± 0.074 B 1.959 ± 0.078 A

Relative chlorophyll content SPAD 50.44 ± 1.969 B 54.23 ± 0.810 B 58.48 ± 0.955 A
Note that the dataset originally contained the constant-light treatment, but it was excluded for this analysis. The data were highly variable, and the leaves were visibly unhealthy/chlorotic. It was
determined that 3 weeks of constant treatment causes damage so extensive that the MultispeQ data do not provide information on the imbalances that caused the injury (particularly
electrochromic shift and photosystem 1 absorption-based methods). Means and standard error (n = 8) are presented with letters to denote if a significant difference was found using least square
means with Tukey–Kramer adjustment (p< 0.05), same letters are not significantly different from each other.
All plants, which have been acclimating to their respective lighting treatments for 3 weeks, were transferred to the same growth chamber during mid-day to measure at steady state under similar
conditions.
Values that are significantly different are bolded (in addition to ascribed letters that denote significance) to make it easier to see.
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of FNO/qL in dynamic 1 at the Pre-Dusk Hour 20 phase. This is a

significant finding, as the same light treatment effect (shifting to low

nighttime light intensity) would be expected to give a similar

metabolic response regardless of phase, but, here, we see that they

amplify a background circadian rhythm instead. Aside from these

large happenings at subjective night, during mid-day, both dynamic

LED treatments drop nH+ LEF−1 during their blue light additions,

again likely responding to light intensity. However, the dynamic

treatments differ from each other in pmfLEF, with dynamic 1 having

a large increase. There was also a small increase in gH+ and nH+ in

dynamic 2 but not in dynamic 1. It could be that dynamic 2 was

suffering from proton leakage (Avenson et al., 2005). This can be

interpreted as optimal duration of high blue light that has an

observable beneficial effect at<3 h but could be detrimental

after<5 h. Interestingly, nH+ LEF−1 appears to increase toward the
Frontiers in Plant Science 12108
end of the photoperiod in constant and control but reaches a

maximum pre-dusk (Hour 16) and slightly drops as the

photoperiod extends.

One of the most notable results that is relevant to

photorespiration and daily ATP budgeting is the large relative

increase of cyclic electron transport during low light at subjective

nighttime for both dynamic treatments.
3.6 Short-term diurnal MultispeQ patterns
under constant light comparing tomato
and mini-cucumber

Initial fluorescence-based parameters show nearly identical

response patterns during the first constant day between tomato
B

A

FIGURE 7

Diurnal light intensity and linear electron flow. The diurnal time-course of tomato measured under their respective treatment conditions for the first
day. Actinic light intensity used in fluorescence- and absorption-based protocols is plotted as ambient light intensity (A). Overall, linear electron flow
(LEF) (B) responds as expected to light intensity, but there does seem to be a subtle decrease of LEF over time of day that is most noticeable in
control. Each measurement was an average of three technical replicates for each biological replicate in a repeated measures design. Mean and
standard error from n = 4.
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‘Money Maker’ and mini-cucumber ‘Beesan’ (Figure 9). The most

remarkable difference between tomato and cucumber can be seen in

ECSt patterns (G). Firstly, ECSt, which can be associated with

luminal pH, is closely linked with NPQt (H) in tomato, whereas it is

not associated in cucumber. This shows that tomato is engaging a

fast-relaxing quenching responses over the acclimated photoperiod,

whereas cucumber is accumulating slow-relaxing photoinhibition.

In fact, cucumber has a constitutively higher FNPQ (C)/NPQt to

begin with, showing that this species has an inherently higher

photoinhibition that tomato in our system. The separation of

NPQt response from ECSt may be attributed to cucumber’s

ability in maintaining ATP synthase activity (gH+) (I) longer

than tomato. It is not until the photoperiod is extended past its

acclimated amount (Pre-Dusk Hour 20) when gH+ begins to drop

causing ECSt along with NPQt to rise in cucumber. Interestingly,

CEF (nH+ LEF
−1) (L) has a peak at Pre-Dawn Hour 23 in cucumber,

whereas tomato seems to have upregulated CEF earlier and then

downregulates it at that time. Cucumber uniquely seems to build up

pmf Pre-Dawn through increases in CEF and other LEF
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mechanisms without a matched ATP synthase activity for proton

efflux until the subsequent Post-Dawn when the issue resolves. In

both species, there is an ephemeral increase in FNO (D) at Mid-Day

Hours 4–6, a dip at Pre-Dusk Hour 20, and a return to base-level at

Pre-Dawn Hour 23. The opposite pattern is reflected in open PSII

reaction centers (qL) (E) and cytochrome b6f conductance to LEF

[LEF (1 − qL)−1] (F). These last patterns are indicative of an

endogenous circadian rhythm of non-regulated quenching, which

is remarkably similar in both unrelated species.
4 Discussion

4.1 Using dynamic LEDs to guide canopy
architecture and biomass partitioning

Dynamic LEDs, which can change spectra and timing, offer a

flexible system that can be tailored to the plant growth objectives

needed. Our objectives were to extend the photoperiod without
B

C

D

E

F

G

H

I

J

K

L

A

FIGURE 8

Diurnal MultispeQ fluorescence- and absorption-based parameters during the first day of tomato plants exposed to light treatments. Estimated
parameters across all light treatments show strong diurnal patterns with notable treatment effects. PSII maximum efficiency (Fv’/Fm’) (A), PSII
operating efficiency (FPSII) (B), quantum yield of non-photochemical quenching (FNPQ) (C), quantum yield of non-regulated dissipation (FNO) (D),
fraction of PSII open reaction centers (qL) (E), apparent conductance of cytochrome b6f to linear electron flow [LEF (1 − qL)−1] (F) (Johnson et al.,
2021), total light-dark proton motive force (ECSt) (G), light adapted non-photochemical quenching NPQt (H) (Tietz et al., 2017), ATP synthase activity
(gH+) (I), relative proton flux (nH+) (J), proton motive force driven by linear electron flow (pmfLEF) (K), and cyclic electron flow (nH+ LEF−1) (L). Overall,
we can summarize that upstream NPQt regulatory processes act distinctly from qL/FNO-related quenching processes, the former being dependent
on the duration of the photoperiod and light intensity shifts, whereas the latter showing an interesting circadian gating phenomenon. We can also
highlight that nighttime under dim-light promotes high levels of cyclic electron flow regardless of feedback inhibitions reflected in qL or degree of
NPQt. Plants were analyzed using a repeated measures design showing mean and standard error from n = 4.
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compromising canopy architecture and inducing photoperiodic

injury. Dynamic LEDs enabled a successful photoperiod extension

strategy by starting with a base circadian entrainment program that

includes a timed “peak spectrum” overlayed on a “day spectrum”

and then a transition into a “night spectrum.” The strategy allows

for flexibility in dosing the “peak spectrum” and “night spectrum”

cues independently to adjust canopy architecture.

The “peak spectrum” consisted of a short duration (3 h to 5 h)

high blue light enrichment during late morning/afternoon. The

discrete signal was intended to mimic the natural increase in high

light/blue light of the solar spectrum at mid-day, when the circadian

rhythm would have an anticipated sensitivity to it. Rather than a

homogenous increase in light intensity from the LED fixture, which

is costly, we attempted to mimic a strong high light response by

focusing all the energy into blue light. Blue light is known to induce

the signal for short- and long-term acclimation responses

(Hogewoning et al., 2010; Hoffmann et al., 2015; Huché-Thélier

et al., 2016: Kang et al., 2021). Blue light also stimulates stomatal

opening, which is important for balancing solar radiation energy

input with transpiration driven energy output (Geelen et al., 2019;

Marie et al., [In press]). Also, blue LEDs are efficacious, contributing

to a higher total LED fixture efficacy if the fixture has a relatively
Frontiers in Plant Science 14110
higher proportion of blue LEDs than white LEDs (Kusuma

et al., 2020).

However, there are drawbacks to howmuch blue light should be

added in a growth spectrum, as excessive blue light from artificial

lighting sources can cause photoinhibition and leaf damage, likely

from the combination of photosensitizers in the electron transport

chain/chlorophyll that produce damaging singlet oxygen and the

over-excitation of PSII water-splitting manganese complex that

releases manganese ions in the lumen acting as inhibitors in other

PSII reaction centers (Zavafer and Mancilla, 2021). However, more

likely at the levels that we are proposing, too much relative (and

absolute) blue light can create an overly compact plant architecture

that reduces canopy radiation capture (Snowden et al., 2016; Kaiser

et al., 2019; Kalaitzoglou et al., 2021). Extending the photoperiod

also aggravates the compactness problem (Warner et al., 2023).

Therefore, compensating for these two impacts on canopy

architecture is a basic requirement for a successful dynamic LED

strategy to be integrated with practical management practices.

Far-red light has the opposite effect by inducing stem elongation

and leaf expansion to varying degrees in most species, collectively

termed the shade-avoidance response (Demotes-Mainard et al.,

2016). Adding far-red to a blue-rich spectrum during the
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FIGURE 9

Diurnal combined absorption- and fluorescence-based parameters of tomato and mini-cucumber under the first day of constant light. PSII
maximum efficiency (Fv’/Fm’) (A), PSII operating efficiency (FPSII) (B), quantum yield of non-photochemical quenching (FNPQ) (C), quantum yield of
non-regulated dissipation (FNO) (D), fraction of PSII open reaction centers (qL) (E), apparent conductance of cytochrome b6f to linear electron flow
[LEF (1 − qL)−1] (F) (Johnson et al., 2021), total light-dark proton motive force (ECSt) (G), light adapted non-photochemical quenching NPQt (H) (Tietz
et al., 2017), ATP synthase activity (gH+) (I), relative proton flux (nH+) (J), proton motive force driven by linear electron flow (pmfLEF) (K), and cyclic
electron flow (nH+ LEF−1) (L). These patterns are indicative of an endogenous circadian rhythm of non-regulated quenching, which is remarkably
similar in both unrelated species. Plants were analyzed using a repeated measures design showing mean and standard error from n = 4.
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photoperiod also results in an interesting interplay of counteracting

morphological and photosynthetic responses (Meng and Runkle,

2019; Kong and Nemali, 2021). If far-red is applied during the

photoperiod, then the effects on canopy morphology are dependent

on total light intensity, but it is not a general rule across all species

(Kusuma and Bugbee, 2023). Far-red can also induce morphological

effects whether supplied during the photoperiod or at end of day

(EOD) (Kalaitzoglou et al., 2019). Concentrating the full dose of far-

red at EOD drives a stronger response than if spread throughout the

photoperiod, and the effect is even stronger if given after the

photoperiod (Zou et al., 2021).

Far-red supplied during the photoperiod, from a photosynthetic

point of view, not only is beneficial when combined with other

spectra for driving assimilation (Zhen and Bugbee, 2020) but also

has photoprotective effects under fluctuating high light conditions

(Kono et al., 2017). However, far-red applied throughout the

photoperiod decreases expression of morning circadian genes and

increases expression of evening genes, resulting in suppressed

amplitude of transcript rhythms (Wenden et al., 2011). In

addition, while far-red induces useful generative behavior in

greenhouse tomato, it also increases susceptibility to disease if

supplied throughout the photoperiod (Ji et al., 2019; Kim et al.,

2019; Meijer et al., 2023).

Therefore, there is an upper limit on how much far-red can be

added in a photoperiod, necessitating the reliance on EOD far-red

to counteract most of the blue light plus extended photoperiod

induced morphological responses. An example of this was found in

greenhouse pepper, which becomes overly compact under

continuous light but was completely alleviated if far-red was

added to the nighttime phase of the alternating LED spectrum

(Lanoue et al., 2022). These considerations informed the

implementation of far-red in addition to dim-blue during the

nighttime spectra.

The effects from dynamic LED treatments were uncertain

because there is not an extensive database for greenhouse crops

under dynamic changing spectra. Differences in biomass

partitioning, particularly, were under question as the far-red

induced shade avoidance response was needed for plant height

gains but is commonly at the expense of leaf mass per area (LMA)

(Casal, 2012; Chitwood et al., 2015). Additionally, dim-blue light at

nighttime engages an additional shade-avoidance response through

phototropins (Kong and Zheng, 2020). Interestingly, the short 3-h

pulse of blue light at early to mid-day in dynamic 1 treatment on

tomato was sufficient to counteract the leaf-level LMA shade-

avoidance response, all while not impacting the stem-level aspect

of the response in tomato (Figure 2; Table 1). The segregation of

LMA and leaf area from plant height in dynamic 1 proved to be

valuable for total biomass gains and an ideal canopy architecture.

Mini-cucumber under dynamic 1, however, did not differ from

control morphologically except with an increased partitioning to

petioles, which may have improved canopy architecture.

Dynamic 2 in tomato had a significantly higher LMA and no

difference in plant height compared to control. The increased

partitioning of dry weight to leaves, increased LMA, decreased

leaf area, decreased plant height, and decreased partitioning to stem

in dynamic 2 clearly follows the trend of increased daytime blue
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light fraction found in another study using similar aged tomato

transplants and treatment duration (Kalaitzoglou et al., 2021).

Compared to dynamic 1, the increase in LMA was most likely

associated with the longer 5-h pulse of blue light. However, dynamic

1 and dynamic 2 had equal blue and far-red DLI doses,

demonstrating that timing played a major role in the differing

responses. Mini-cucumber seemed much more sensitive to the blue

light timing, showing decreases in plant height and leaf area along

with an increase in LMA. Clearly biomass partitioning was diverted

away from stem fraction and put into leaf fraction, but oddly also in

petiole fraction. This suggests that nighttime far-red timing plays a

stronger role on petiole morphology than stem morphology,

whereas blue light timing mid-day has a stronger impact on stem

morphology in mini-cucumber ‘Beesan.’

The optimal dynamic LED recipe for mini-cucumber still needs

to be devised as the presented experimental design did not

thoroughly explore all timing and dosing options. In addition,

these differing responses across greenhouse crops highlight the

importance of the need for flexibility in supplemental lighting

strategies. In this work, we presented a small case study where the

same dynamic LED formula induced profound canopy differences

by tuning minor blue and far-red timing variations. These

variations can certainly be optimized on a crop-by-crop basis

(and even adjusted on a weekly basis as needed by the grower in

tandem with existing dynamic temperature control strategies).
4.2 Dynamic 1 exhibits potential for
increased yield in mini-cucumber

Unexpectedly, mini-cucumber yield (from unpruned plants)

was significantly higher in dynamic 1 (93.77 g ± 13.35 g) than

control (70.42 g ± 13.36 g), and far greater than constant (31.17 g ±

13.36 g) (Table 2). However, total biomass, leaf area, and height

were not significantly different than control (Table 2), which is a

stark contrast to the responses seen in tomato. Although, there was

a subtle morphological difference that is discernable in visual

appearance of the plants (Figure 2), which may be partially

explained by a greater biomass partitioning to petioles in dynamic

1 (Table 2). Interestingly, not only yield was greater in dynamic 1,

but it also had a much greener fruit, contributing to a higher shelf

appeal in terms of fruit quality (dynamic 2 shared this response)

(Figure 3). These results were not expected as the similar red/dim-

blue alternating LED strategy in a greenhouse experiment

demonstrated no net-positive effects on mini-cucumber yield

compared to constant or control (Lanoue et al., 2021). Our

differing results are most likely due to the differences between

greenhouses and growth chambers. However, it would be worth

trying nighttime far-red in the greenhouse (as an optimization of

the existing alternating red/dim-blue strategy), as that was never

done before and shows promise for increasing mini-cucumber yield

from our growth chamber study. Also, the addition of short-

duration mid-day blue in greenhouse production may be

beneficial for enhancing fruit quality (greenness), especially in

winter when several consecutive cloudy days limit blue light from

natural sunlight.
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4.3 Successful acclimation to extended
photoperiods depends on
sustained photorespiration

At present, there are no explanatory stress markers for

photoperiodic injury other than reductions in Fv/Fm, which

represents a general photoinhibition. First, we assessed fast

screening methodologies to see if we could define possible

mechanisms easily. Fortunately, after 3 weeks of treatment, we

were able to see a very mild injury developing in dynamic 2, which

served as a much better comparison to healthy control and dynamic

1 than the excessively injured constant treatment. Indeed, the

constant-light treatment had a much lower Fv/Fm, which we

interpret as the late stages of photoinhibition, but dynamic 2 did

not exhibit any measurable photoinhibition.

A quick comparison between net assimilation rates,

respiration in the dark, Fv/Fm, and quantum yield of PSII (YII)

under ambient growth conditions shows no significant differences

between control, dynamic 1, and dynamic 2 for tomato (Figures 4,

5). Also, identical treatment comparisons were made for mini-

cucumber ‘Beesan’ (Figures 4, 5) and a photoperiodic injury–

tolerant tomato genotype ‘UofGPIT’ grown under constant

(Supplementary Materials 3–6). To dig deeper, we implemented

a high-throughput screening method for photorespiration rate

(VO/VC) (Bellasio et al., 2014) under ambient conditions (air

temperature 21°C, PPFD 300 μmol m−2 s−1, Ca 440 μmol mol−1).

Increases in VO/VC were hypothesized to ameliorate stress

induced by extended photoperiods in both dynamic treatments.

For photoperiodic injury–sensitive tomato ‘Money Maker,’ we

seen a significant increase of VO/VC in dynamic 1 (0.257 ± 0.016)

compared to control (0.207 ± 0.007). Dynamic 2, on the other

hand, did not have a significant increase of VO/VC (0.237 ± 0.007)

compared to control (although its value was in between control

and dynamic 1) (Figure 6). The original intention of dynamic 2

was to improve the electrical cost efficiency of the alternating 12-

h/12-h red/dim-blue introduced by Lanoue et al. (2019) by

extending the “daytime” photoperiod to 20-h/4-h. However, the

presented configuration of dynamic 2 pushed the limits, and we

can use this opportunity to find out why.

Interestingly, VO/VC was significantly greater than control in

dynamic 1, dynamic 2, and constant for the photoperiodic injury–

tolerant species mini-cucumber ‘Beesan.’ Furthermore, a

photoperiodic injury–tolerant tomato genotype ‘UofGPIT’ grown

under constant light also displayed a higher VO/VC (Supplementary

Material 6). Unexpectedly, the photoperiodic injury–tolerant

tomato cultivar ‘UofGPIT’ and mini-cucumber ‘Beesan’ had

nearly the same photorespiration level under constant light (0.295

± 0.003 and 0.284 ± 0.014, respectively). Also, under the dynamic 1

LED treatment, photorespiration was nearly the same between

photoperiodic injury–sensitive tomato ‘Money Maker’ (0.257 ±

0.016) and tolerant mini-cucumber ‘Beesan’ (0.256 ± 0.014). The

comparisons may be justified by the fact that control had similar

levels between tomato ‘Money Maker’ (0.207 ± 0.007) and mini-

cucumber ‘Beesan’ (0.196 ± 0.014). These results are highly

suggestive that photoperiodic injury tolerance derived from both

adaptation (across unrelated species/tolerant genotypes within
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species) and acclimation (using dynamic LEDs) involves the

upregulation of photorespiration.

The fact that tomato ‘Money Maker’ was displaying a very mild

form of photoperiodic injury under dynamic 2 and was found to not

upregulate photorespiration to the degree that mini-cucumber did

under dynamic 2 (unlike their similarity under dynamic 1) can

point toward a downstream limitation. The MultispeQ was used to

further explore this limitation in 3-week acclimated tomato

(Table 3). The light-dark difference in total proton motive force

(ECSt) (also related to luminal pH) and conductance of protons

through ATP synthase (gH+) together indicate dynamic 1 had

either a more sensitive ATP synthase activity (possibly a higher Pi
substrate availability) and/or more abundant ATP synthase content

in the thylakoids than control and dynamic 2 (Avenson et al., 2005).

The notion of a higher ATP synthase content/activity in dynamic 1

is supported by the lack of additional NPQt above control, meaning

the proton efflux through ATP activity/content was able to maintain

luminal pH within a healthy non-dissipative inducing range that

was useful for ATP: NADPH balancing (type I response) (Kramer

and Evans, 2011). Whereas dynamic 2 did not maintain a healthy

ATP synthase activity/content that did not enable appropriate

proton efflux, observed as a lower gH+ and higher ECSt, which

caused a significant induction of NPQt (type II response) (Kramer

and Evans, 2011).

Dynamic 1 also had a lower fraction of proton motive force

from LEF (pmfLEF), but it was not due to an increase in CEF (nH+

LEF−1), rather it was due to the ease of proton efflux through ATP

synthase, which did not need as much pmf (Takizawa et al., 2008).

Therefore, the difference in ATP synthase activity could be due to Pi
substrate availability, being limiting in dynamic 2 but not limited in

dynamic 1, causing the buildup of protons in dynamic 2. This is

supported by the finding that photorespiratory Pi substrate–

alleviating qualities are deficient in dynamic 2, implying a cause

and effect.

The upstream question remains, for tomato ‘Money

Maker’ dynamic 2, what caused a failure to fully upregulate

photorespiration yet maintain a high carboxylation capacity?

Many photorespiratory genes/enzymes are regulated by light and

metabolic feedback signals (Aroca et al., 2023). One interesting

negative feedback regulator of photorespiration is an increase in

serine pools, which has been shown to selectively inhibit

transcription of photorespiratory genes (Timm et al., 2013). In

addition, glycine decarboxylase in the mitochondria, responsible for

the conversion of glycine to serine, is regarded as the central

modulator of photorespiratory flux, which can exert immediate

control via post-translational modifications (Timm and Hagemann,

2020). The serine-to-glycine ratio downregulates photorespiration

if high and upregulates it if low (Timm et al., 2016). Serine has been

described to interconnect S, N, and C1 metabolism and be involved

with stress acclimation (Aroca et al., 2023). In addition, although

photorespiration accounts for most of the serine production in

plants, two other glycolysis-branch serine pathways are engaged

during stress, act in non-photosynthetic tissues, and are

allosterically inhibited by serine, and many mutations in these

pathways are embryo lethal that implicates glycine to serine ratio

as having a crucial role in primary metabolism (Igamberdiev and
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Kleczkowski, 2018). Future research could measure photoperiod

dependent accumulation and export of glycine/serine pools that are

possibly associated with selective suppression of photorespiration

(i.e., without affecting RuBP carboxylation) and the hypothesized

differences in export over the nighttime spectra of dynamic LED

recipes (along with simple photoperiod extension).

Importantly, selectively inhibiting photorespiration does not

relax associated ATP-compensating mechanisms that were

originally engaged with it (Smith et al., 2023). For example,

exposure to low O2 increased lumen acidification, which was

attributed to a decrease in apparent ATP synthase activity caused

by an ATP surplus (i.e., suddenly reducing photorespiration will

drop ATP consumption and lead to another form of TPU/Pi
limitation) (Smith et al., 2023). Regarding dynamic 2, it could be

that excessive serine was suppressing photorespiration, which

caused a build up of unused ATP that subsequently led to a Pi
limitation/ATP synthase activity bottleneck.
4.4 Short-term acclimation mechanisms
under dynamic LEDs

TPU limitation was reported to occur upon the first day of

photoperiod extension in rice grown in a controlled environment

(Fabre et al., 2019). Once TPU is reached, there is an immediate

imbalance in Pi availability, causing dynamic changes in redox

states (McClain et al., 2023). We observed that early stages of

acclimation to extended photoperiod (and dynamic treatments)

involve a time-of-day regulated redox and Pi balancing act, with

CEF playing a huge role in driving ATP synthase during the

nighttime low-light (and far-red rich) phases of dynamic LED

treatments (Figures 7, 8). The relative increase in ATP supply at

nighttime in both dynamic treatments could be satisfying (or almost

satisfying, respectively) a total daily ATP budget. Tied to ATP/

proton management is the differing degree of relaxation of NPQt

responses across treatments. Constant light was constitutively

unrelaxed, dynamic 2 had approximately 50% recovery, whereas

dynamic 1 fully recovered. Mini-cucumber seemed to have a more

delayed onset of NPQt under constant light than tomato, likely due

to the maintenance of ATP synthase activity for a longer

duration (Figure 9).

Independent from the CEF and NPQt responses, a major

difference between dynamic 1 and dynamic 2 redox balance can

be observed during their nighttime phases. They have totally

opposite responses of opening/closing PSII reaction centers (qL)

due to basal/dark quenching regulation (fNO). fNO represents

excitation dissipation through thermal and fluorescence emission

independent of NPQ, likely from closed PSII reaction centers

quenching/dissipating the energy (Kramer et al., 2004;

Klughammer and Schreiber, 2008). Constant-light treatment also

displayed a subtle phase response, qL opening and subsequent

closing 4 h later, which may point toward a circadian regulation

mechanism. Interestingly, tomato and mini-cucumber share a

nearly identical circadian pattern of qL and fNO under constant-

light treatment too, showing this circadian phenomena may be

conserved across unrelated species. It just so happens that dynamic
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1 shifts to low light when reaction centers are opening (between

Post-Dusk Hour 16 and Hour 20), emphasizing a potential peak

circadian phase. Dynamic 2 shifts to low light while the reaction

centers are closing (between Post-Dusk Hour 20 and Pre-dawn

Hour 23), emphasizing a potential trough circadian phase. If it were

purely an electron transport chain over-reduced signal, then we

would expect the same qL response but differing amplitude,

between dynamic LED treatments, which was not the case. This

circadian gating effect inspires future experiments that could

explore the link between Pi regulation of ATP synthase activity

and CEF with the potential circadian phasing of basal/dark feedback

inhibition and opening/closing of PSII reaction centers.

Short-term TPU limitation could be alleviated by an initial

increase of photorespiration (McClain et al., 2023). However, TPU

limitation quickly disappears after 30 h of acclimation and is

balanced by downregulation of other processes (McClain et al.,

2023). For example, RuBisCO is deactivated and qE is engaged until

long-term acclimation strategies take over (McClain et al., 2023). In

a preliminary experiment, after 4 nights of continuous light, the

photoperiodic injury–sensitive tomato cultivar ‘Basket Vee’

maintained higher photorespiration than control (data not

shown), confirming the early onset of photorespiration and that it

persists for several days, and up to/longer than 3-weeks if it can be

sustained as was shown for photoperiodic injury–tolerant mini-

cucumber ‘Beesan’ and tomato ‘UofGPIT.’
4.5 Photorespiration, peroxisomal catalase,
and the circadian external coincidence
model as a hypothesis for
photoperiodic injury

The physiological causes and effects during photoperiodic

injury are an on-going area of research. Velez-Ramirez et al.

(2017b) reasoned that an ATP: NADPH imbalance resulted from

the accumulation of carbohydrates and the associated decrease in

Calvin cycle enzyme transcription. They found a strong correlation

between carbohydrate accumulation and decreases in Fv/Fm. This

supports it as a driver that induces early senescence, possibly

through reactive oxygen species (ROS) derived from an over-

reduced electron transport chain (Velez-Ramirez et al., 2011;

2017b). However, although carbohydrate accumulation has

received a lot of attention as a cause of photoperiodic injury, it is

not the full story, as other photoperiodic injury studies have not

found correlations between carbohydrates accumulation and

photoperiodic injury (Pham and Chun, 2020; Shibaeva et al., 2023).

We suggest it is not necessarily the accumulation of

carbohydrates that causes the damage directly, rather it is

initiated by TPU limitation effect on Pi availability. Then, the

need for photorespiratory-related freeing of Pi substrate, as well

as the consequences of photorespiration, becomes an important

piece to the photoperiodic injury puzzle. The many roles

photorespiration plays in balancing metabolic flux between

mitochondria, peroxisome, and chloroplast are complex and offer

many modes of action to investigate. However, peroxisomal H2O2

production, a by-product from glycolate oxidase’s reaction with
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glycolate producing glyoxylate, may be a prime candidate for ROS

signaling. Furthermore, photoinhibition was found to not be

directly related to photoperiodic injury (Dorais et al., 1995; Velez-

Ramirez et al., 2017a). We observed over-reduced electron

transport chains in both dynamic LED treatments after 3 weeks

of acclimation, but dynamic 1 had no signs of injury, whereas

dynamic 2 did, leading us to speculate photorespiratory H2O2 as

having a more direct role.

In Arabidopsis, a photorespiration-derived H2O2 redox signal

was found to be governed by a peroxisome localized CATALASE2

(CAT2) in a photoperiod dependent manner, independent of light

intensity and oxidative stress duration (Queval et al., 2007; 2012;

Yang et al., 2019). Short-day acclimated plants show a pronounced

increase in sensitivity and upregulation of oxidative marker genes in

the photorespiratory cat2 mutant (high H2O2 signal), supporting a

protective glutathione antioxidant pathway and a salicylic acid–

dependent antioxidant signaling pathway among others. However,

long-day acclimated plants do not show this sensitivity and are

unable to scavenge the excess H2O2, which then initiates

programmed cell death, presumed to be a circadian rhythm

mismatch (Queval et al., 2007; 2012; Yang et al., 2019). CAT2

transcription itself is regulated by the circadian rhythm, with a peak

at subjective dawn, which is dependent on the morning complex

CIRCADIAN CLOCK-ASSOCIATED 1 (CCA1) (McClung, 1997;

Lai et al., 2012). Indeed, when a cca1 mutant was exposed to

photoperiod extension stress, catalase activity was significantly

lowered, and the plant became injured (Nitschke et al., 2016;

Abuelsoud et al., 2020). The initiation of injury was also

associated with an apoplastic increase in peroxidases, reminiscent

of the oxidative burst response from pathogen infections (Nitschke

et al., 2016; Abuelsoud et al., 2020). This may then have led to

programmed cell death.

These studies are also relevant to tomato. Peroxisomal catalase

in tomato (SLCAT2) expression has been shown to be upregulated

during the circadian morning complex-related phase under a

normal photoperiod, which shows CAT2 in Arabidopsis and

SLCAT2 in tomato share a conserved circadian regulation pattern

(Kabir and Wang, 2011). When exposed to continuous light, a

tomato ‘Money Maker’ cross exhibited a constitutively lower

expression of the circadian morning complex (and high

expression of evening complex) (Müller et al., 2016), which could

infer lower SLCAT2 expression. For example, photorespiration and

whole-leaf catalase activity were found to be higher than control

when tomato plants were exposed to continuous light with the

addition of temperature differentials, resulting in photoperiodic

injury tolerance (Haque et al., 2017). The authors noted that

there was a possible connection between peroxisomal-localized

photorespiratory H2O2 release and increased catalase activity, but

they were unsure of the sub-cellular localization of catalase activity.

Glutathione activity was also found to be increased in this

treatment, which is reminiscent of the healthy short-day response

of Arabidopsis.

This leads us to hypothesize that photoperiodic injury may not

be caused by absolute indiscriminate amounts of ROS, rather it

could be a critical threshold of ROS during a vulnerable circadian
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phase. The hypothesis follows the external coincidence model of

photoperiodism that has been extensively studied for flower

induction (Song et al., 2015). For photoperiodic injury, the

external coincidence model posits that photorespiration would be

producing H2O2 in the light above a certain threshold during a

circadian clock time when expression of the morning complex (with

peroxisomal catalase) is low, thus initiating a programmed cell

death response (akin to pathogen infection). The hypothesis is

certainly testable by manipulations of the coincidence between

internal circadian phase and external light signaling cue. For

example, cca1 mutant would have a constitutively lower morning

complex expression and be more prone to photoperiodic injury,

whereas a toc1-overexpressing mutant would display a similar

response, both providing evidence for the circadian phase

component. If a variety of photoperiodic injury–tolerant

genotypes/species with these mutations showed injury, then that

would be supportive evidence of its canonical nature. Non–24-h

lighting (i.e., 6-h light/6-h dark and 24-h light/24-h dark)

treatments have been shown to induce photoperiodic injury

(Velez-Ramirez et al., 2017a), which makes sense if it follows an

external coincidence model, as both treatments supply light during

a sensitive phase. However, a phase-response curve of

photoperiodic injury would provide definitive evidence in

building the photoperiodic injury external coincidence model. We

suggested that peroxisomal catalase is involved, so its activity phase

response curve should be opposite to that of photoperiodic injury.

Similar phase response curves of injury could be had for discrete

modulations of photorespiration (elevated/lowered CO2) and

applications of exogenous H2O2/selective catalase inhibitors.
5 Conclusion

Two variations of dynamic LED strategies induced differing

canopy responses, opening the potential to adjust canopy

architecture through counterbalances in the peak spectrum (blue)

and night spectrum (far-red). Both tomato and cucumber

responded well to the dynamic 1 strategy by avoiding the overly

compact morphology induced by extended photoperiods. Future

research will explore more variations and work on modeling the

counterbalancing act for predictive programs to be applied in

CEA facilities. Next, we wanted to explore a physiological

foundation for successfully growing plants under continuous

light. Photorespiration was hypothesized to provide a photoperiod

dependent photorespiratory-Pi stoichiometric compensation, which

would be beneficial in maintaining triose-phosphate utilization.

Photoperiodic injury–tolerant mini-cucumber ‘Beesan, ’

photoperiodic injury–tolerant tomato ‘UofGPIT,’ and the

successful acclimation to photoperiod extension in photoperiodic

injury–sensitive tomato ‘Money Maker’ (by dynamic 1 LED

strategy) all displayed higher photorespiration, supporting our

hypothesis. We also found that the night spectrum of dynamic

LEDs promotes relatively higher engagement of CEF and ATP

synthase activities that would be beneficial for the higher ATP

demands of photorespiration, potentially balancing a diurnal ATP:
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NADPH stoichiometry. Future research could perform more in-

depth modeling by using light curves and CO2 curves to confirm

and quantify these early findings. If true, then a conceptual

framework explored the possible ontology of photoperiodic injury

and its relationship with photorespiration. The proposed ontology

describes a photorespiratory-antioxidant balance is de-stabilized

due to a circadian rhythm external coincidence model. Specifically,

light-dependent photorespiratory-H2O2 is not neutralized by

proper circadian regulation of peroxisomal catalase and is in a

sensitive phase leading to programmed cell death/pathogen defense

type response. From this multiple pathway perspective, we can

explain the various types of photoperiodic injury tolerance reported

in the literature. Tolerance can be achieved by proper circadian

rhythm entrainment given by light cues like those found by

dynamic/alternating LEDs (Lanoue et al., 2019, and the presented

study), circadian entrainment by temperature cues (Ikkonen et al.,

2015; Hao et al., 2017b; Haque et al., 2017), a more persistent

rhythmicity of the circadian rhythm like that found in

photoperiodic injury–tolerant tomato species adapted to

equatorial regions (Müller et al., 2016; 2018), improved energy

dissipation ability/connectivity in the LHCII like that found by

restoring wildtype CAB-13 transcription (Velez-Ramirez et al.,

2014), or higher constitutive catalase activity as found in

photoperiodic injury–tolerant greenhouse peppers (Murage and

Masuda, 1997; Demers and Gosselin, 2002). Each species may

lean more heavily on one pathway or another, but we propose the

overall basal need for Pi substrate by pushing photorespiration is the

driving factor that a particular acclimation strategy or a unique

genotype adaptat ion must account for to deal wi th

photoperiodic injury.
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Photosynthetic adaptation
strategies in peppers under
continuous lighting: insights
into photosystem protection
Jason Lanoue, Sarah St. Louis, Celeste Little and Xiuming Hao*

Harrow Research and Development Centre, Agriculture & Agri-Food Canada, Harrow, ON, Canada
Energy efficient lighting strategies have received increased interest from

controlled environment producers. Long photoperiods (up to 24 h -

continuous lighting (CL)) of lower light intensities could be used to achieve the

desired daily light integral (DLI) with lower installed light capacity/capital costs

and low electricity costs in regions with low night electricity prices. However,

plants grown under CL tend to have higher carbohydrate and reactive oxygen

species (ROS) levels which may lead to leaf chlorosis and down-regulation of

photosynthesis. We hypothesize that the use of dynamic CL using a spectral

change and/or light intensity change between day and night can negate CL-

injury. In this experiment we set out to assess the impact of CL on pepper plants

by subjecting them to white light during the day and up to 150 µmol m-2 s-1 of

monochromatic blue light at night while controlling the DLI at the same level.

Plants grown under all CL treatments had similar cumulative fruit number and

weight compared to the 16h control indicating no reduction in production. Plants

grown under CL had higher carbohydrate levels and ROS-scavenging capacity

than plants grown under the 16h control. Conversely, the amount of

photosynthetic pigment decreased with increasing nighttime blue light

intensity. The maximum quantum yield of photosystem II (Fv/Fm), a metric

often used to measure stress, was unaffected by light treatments. However,

when light-adapted, the operating efficiency of photosystem II (FPSII) decreased

and non-photochemical quenching (NPQ) increased with increasing nighttime

blue light intensity. This suggests that both acclimated and instantaneous

photochemistry during CL can be altered and is dependent on the nighttime

light intensity. Furthermore, light-adapted chlorophyll fluorescence

measurements may be more adept at detecting altered photochemical states

than the conventional stress metric using dark-adapted measurements.
KEYWORDS

continuous lighting, chlorophyll fluorescence, carbohydrates, reactive oxygen species,
circadian rhythm, dynamic 24h lighting
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1 Introduction

Light is the driving force for carbon assimilation in plants,

however there is a species-specific desired/optimum daily light

integral (DLI – photoperiod x light intensity) – an excessive or

deficient amount can impact plants negatively. Too much light can

be harmful to plants as it significantly reduces the efficiency of

photosynthesis which can lead to photoinhibition causing damage

to photosystem II (PSII) (Barber and Andersson, 1992). Long

photoperiods can also be harmful to plants. While the

photoperiodic threshold is different for each plant species,

generally, photoperiods longer than 17h can cause leaf damage

observed as interveinal chlorosis and decreased maximum quantum

efficiency of PSII (Fv/Fm); an indicator of stress (Baker, 2008;

Sysoeva et al., 2010; Velez-Ramirez et al., 2011).

Theoretically, the implementation of CL strategies can increase

yield if photoperiod-related injury is averted (Velez-Ramirez et al.,

2012). While some crops are tolerant to CL (Ohtake et al., 2018;

Lanoue et al., 2021b), others, such as pepper, are observed to have

altered leaf shape, chlorosis, and reductions in yield when compared

to peppers grown under shorter photoperiods (Demers et al., 1998b;

Demers and Gosselin, 1999). Lengthening the photoperiod can also

lead to reduced stem elongation in peppers (Demers et al., 1998a)

resulting in fruit being too close together and misshapen which

negatively impacts fruit quality (Lanoue et al., 2022b). It is therefore

important to identify long photoperiod (including CL) strategies

which can overcome reductions in stem elongation and maintain

adequate fruit quality.

The underlying mechanism of CL-injury is unknown. Current

hypotheses include a mismatch between the endogenous circadian

rhythm and exogenous environmental cues (Velez-Ramirez et al.,

2017b; Marie et al., 2022), improper gene expression (Velez-Ramirez

et al., 2014; Inoue et al., 2018), and over-accumulation of

photosynthetic products leading to feedback inhibition (Velez-

Ramirez et al., 2017a; Pham et al., 2019). Exposure to CL means

plants are under constant photon pressure which will continuously

drive photosynthesis if the light level is above the light compensation

point. With constant photosynthesis comes continuous production of

photosynthetic products such as soluble sugars and starch (Globig

et al., 1997; Matsuda et al., 2014; Pham et al., 2019). This

accumulation of carbohydrates is linked to chloroplast membrane

damage, inevitably causing a downregulation of photosynthesis via

feedback loops caused by over-reduction of the electron transport

chain components (Foyer et al., 2012; Zhu et al., 2020). Consequently,

many believe that the buildup of photosynthetic products during CL

will impact gene expression and ultimately reduce photosynthesis

leading to a reduction in light-use-efficiency (Pammenter et al., 1993;

Van Gestel et al., 2005; Smith and Stitt, 2007; Stitt et al., 2010). Our

recent research has shown that tomatoes grown under CL with 50

μmol m-2 s-1 of blue light during the night had similar carbohydrate

patterns and levels as those grown under a 16 h control with 8 h

darkness (Lanoue et al., 2019). However this light intensity was

around the light compensation point and did not drive high rates of

photosynthesis which could cause feedback inhibition. Conversely,

tomatoes grown under CL with a constant 147 μmol m-2 s-1 of white
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light for 24 h showed elevated fructose, sucrose, and starch levels at

the end of the subjective night compared to a 16 h control treatment

(Haque et al., 2015). The elevated carbohydrate status corresponded

with a reduction in Fv/Fm values indicating CL-injury. This suggests

that a higher nighttime light intensity without a change in spectrum

can raise the carbohydrate levels in plants that are associated with

CL-injury.

In addition, the use of CL can significantly increase the amount of

photo-oxidative stress a plant is subjected to. Reactive oxygen species

(ROS) are a normal by-product of photosynthesis, but when produced

in higher quantities during periods of high or prolonged light (such as

CL) they can become harmful to the plant. An excess accumulation of

ROS can cause severe and irreversible DNA damage resulting in cell

death (Huang et al., 2019). In mutated Arabidopsis which had reduced

antioxidant content (2-Cys peroxiredoxin), plants showed decreased

photosynthetic rates during CL compared to wild-type plants (Pulido

et al., 2010). Coincidentally, mutated plants also had higher levels of

carbonyl groups and hydrogen peroxide in the leaves indicating that a

reduction in antioxidant capacity increased ROS concentrations and

led to diminished photosynthetic rates (Pulido et al., 2010). ROS can

also be used as a signaling molecule to alert the plant to stressful

conditions such as high or prolonged light. In this way, a healthy

balance between ROS production and scavenging can maintain

homeostasis since ROS accumulation can initiate gene expression of

detoxifying enzymes (Huang et al., 2019). It has been shown that

plants with naturally higher levels of antioxidants and ROS-detoxifying

enzymes have less injury when exposed to prolonged photoperiods,

even CL (Murage andMasuda, 1997). It is therefore speculated that the

ability to scavenge ROS may also play a role in averting CL-injury

based on their role in photo-oxidative stress (Kim et al., 2008).

In this study, we set out to identify the impact of different

nighttime blue light intensities during CL on the morphology,

physiology, and yield of pepper plants. Specifically, we wanted to

identify how plant performance (i.e., photosynthesis and chlorophyll

fluorescence parameters) would adapt under higher (up to 150 μmol

m-2 s-1) nighttime blue light intensities. Blue light was chosen due to

its ability to cause stem elongation when provided as a

monochromatic light source (Hernández and Kubota, 2016; Lanoue

et al., 2019; Kong and Zheng, 2020). We also chose to measure the

carbohydrate metabolism and oxidative stress levels in leaves, since

literature suggesting that both carbohydrate accumulation and ROS

scavenging ability can play a role in CL-injury. It is hypothesized that

underlying biochemicals processes may play an important role in

mitigating CL-injury in peppers when exposed to dynamic 24h

lighting. Additionally, the traditional stress metric, Fv/Fm, may not

be the most appropriate measurement to determine plant health/

stress or ability to utilize incoming radiation.
2 Materials and methods

2.1 Plant material and experimental design

Five-week-old pepper (Capsicum annuum) cv. ‘Gina’

transplants were planted onto rockwool slabs in a 200m2 glass
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greenhouse at the Harrow Research and Development Centre

(Agriculture and Agri-Food Canada, Harrow, Ontario, Canada;

42.03°N, 82.9°W) on September 15th, 2021. Plants were trained in

a high wire “V” system with 2 stems from each plant at a plant

density of 6.0 stems m-2. The plants were drip-irrigated as needed

using a complete nutrient solution with an electrical conductivity of

2.8 dS m-1 and a pH of 5.9. The greenhouse was enriched to 800

μmol mol-1 of CO2 during both day and night when the greenhouse

was not vented. Heating temperature during the day was 21°C with

a venting temperature of 25°C. Day humidification set point was

75% with a dehumidification set point of 85%. Nighttime heating

temperature was 18°C and venting was 22°C. Night humidification

set point was 70% with a dehumidification set point of 85%.

The pepper plants were grown on 6 raised gutters/rows. The rows

of plants were separated using light abatement curtains (Obscura

9950 FR W, Ludvig Svensson, Kinna Sweden) which allowed for

moisture, air, and heat exchange through the fabric but blocked light

transmission. The width of each row is 1.5m. The light abatement

curtains were closed during cloudy days and during the night to

prevent light treatment contamination. On sunny days, the light

abatement curtains were opened to prevent shading of the high

intensity solar radiation. Rows on the perimeter served as guard rows

throughout the experiment and were not subjected to any lighting

treatment. The 4 middle rows were used for lighting treatments. The

rows ran in a north-south orientation so that each row can receive

same amount of sunlight. Each row was divided into 2 independent

experimental plots/units. The length of each plot was 2m (or 2.2m

including canopy extension). There were 10 plants or 20 stems per

plot. Only the middle 8 plants/16 stems were used for data collection.

One plant in each of the 2 ends of the plot was used as guard plant.

The 2 stems of each plant was trained into a “V” system, one to the

west side and the other to the east side, so that the plants in each plot

received sunlight from both west and east side. There was a 1.82m

gap between the 2 plots in the same row and light reflection boards

were applied to the light fixtures in both ends of each plot to prevent

any light contaminations between the 2 plots in each row. The

application of 4 lighting treatments to the 4 south plots (first

replication/block) and the 4 north plots (second replication/block)

was randomized. The lighting treatments in the 2 plots within the

same row was different. Therefore, the greenhouse experiment was a

randomized complete block design with 2 replications.

The 4 supplemental overhead lighting treatments (0B, 50B,

100B, and 150B, Table 1) began on November 3rd, 2021. Daytime

supplemental lighting was provided by 6 Sollum SF04 multi-

channel LED lighting fixtures (Sollum Technologies Inc.

Montréal, Québec, Canada) in each plot. Nighttime supplemental

lighting was provided by the 6 SF04 smart LEDs or SF04 smart

LEDS and RAY66 blue LEDs (for the 150B treatment) from Fluence

(Fluence Bioengineering, Austin, Texas, USA) depending on the

blue light intensity requirements. Spectral composition readings

were taken at the apex of the plant using a Li-COR Li-180 (Li-COR

Biosciences, Lincoln, NE, USA) spectroradiometer (Figure 1). The

daytime white light treatment was applied from 6:00–22:00

(Figure 1A) while nighttime blue light treatments, if applicable,

were applied from 22:00–6:00 (Figure 1B). The light in each
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treatment was measured at four locations within each plot with a

one meter quantum light sensor (Li-COR 191R; Li-COR

Biosciences, Lincoln, Nebraska, USA) just above the apex of the

plant (Table 1). Lights were adjusted as needed to maintain the

target light intensity at the apex of the plant throughout the

experiment. The total supplemental daily light integral (DLI) was

kept similar among all treatments (11.6 ± 0.06 mol m-2 d-1). All light

measurements were performed at night to avoid any contamination

from daytime solar radiation. Lights remained on regardless of

the natural solar radiation levels to ensure the same total DLIs

(sunlight + supplemental light) for all lighting treatments.
2.2 Morphological measurements

On January 24th, 2022, morphological measurements were

performed on eight plants from each treatment. The internode

length was determined by measuring the distance between the top

of the plant and the tenth node. This distance was then divided by

ten to get the average internode length. Leaf length and width of the

5th leaf were measured using a ruler. Stem diameter at the 5th node

was measured using a digital caliper. The specific leaf weight (SLW)

of the 5th leaf was determined by removing it from the plant,

weighing it, and then measuring its leaf area (Li-COR 3100, Li-COR

Biosciences Inc. Lincoln, NE, USA). The leaf was then dried in an

oven at 70°C. Once dry, the leaf was reweighed. The dry weight was

divided by the leaf area to obtain the SLW. Dry matter content was

calculated by dividing the dry weight by the fresh weight then

multiplying by 100.
2.3 Leaf gas exchange

On January 25th, 2022, one leaf located at the fifth node on four

separate plants (2 plants from each plot) under each treatment were

placed in a 2 x 3 cm chamber of a Li-COR 6400 (Li-COR

Biosciences Inc. Lincoln, NE, USA). The leaf temperature was set

to 23°C with a relative humidity of 60–70% and a CO2 level held at

800 μmol mol-1. Measurements were performed on cloudy days to
TABLE 1 Daytime and nighttime light intensities as measured at four
locations within each plot with a one meter quantum light sensor (Li-
COR 191R; Li-COR Biosciences, Lincoln, NE, USA) just above the apex of
the plant.

Treatment Daytime
(6:00–20:00)
Light Intensity
(µmol m-2 s-1)

Nighttime
(22:00–6:00)
Blue Light
Intensity
(µmol m-2 s-1)

0B 200 ± 2 0

50B 175 ± 3 50 ± 1

100B 150 ± 2 100 ± 1

150B 125 ± 2 150 ± 3
Treatment 0B indicates that no light was utilized during the night and that plants in all light
treatments were exposed white light spectrum (Figure 1A) for 16h from 6:00–22:00.
Values represent the average +/- the standard error of light measurements.
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maximize the effect of supplemental lighting while minimizing the

effect of natural sunlight. Leaves were kept in the chamber until a

steady-state photosynthetic rate was obtained, then the readings

taken over a two-minute period were averaged.
2.4 Chlorophyll fluorescence

On January 27th, 2022, pepper leaves were selected based on

location and exposure to supplemental lighting and dark-adapted

for 20 minutes using aluminum foil. They were then placed in 6 cm2

chamber of the Li-COR 6800 fitted with the fluorometer head. The

minimum fluorescence in a dark-adapted stated (Fo) was collected

once fluorescence stabilized after which an 800ms saturating light

pulse (8000 μmol m-2 s-1) of red light was emitted to obtain the

maximum fluorescence (Fm). From Fo and Fm, the variable

fluorescence in a dark-adapted state (Fv) was calculated (Fv=Fm-

Fo) to then determine the maximum efficiency of photosystem II

(PSII; Fv/Fm). Next, leaves were acclimated to an actinic light level of

400 μmol m-2 s-1 (360 μmol m-2 s-1 of red light and 40 μmol m-2 s-1

of blue light; approximately the light level during a cloudy day) until

the fluorescence levels (Ft) stabilized. Once static, leaves were

subjected to another saturating light pulse (F’m) followed by a

dark pulse (F’o; 25 μmol m-2 s-1 of far-red light). These

measurements were used to calculate the efficiency of PSII

photochemistry (FPSII=(F’m-Ft)/F’m), photochemical quenching

(qP=(F’m-Ft)/(F’m-F’o)), non-photochemical quenching (NPQ=

(Fm-F ’m)/F ’m), and the linear electron transport rate

(ETR=FPSII*PPFD*0.5 where PPFD is the absorbed light and 0.5

is a factor that accounts for partitioning of energy between the

two photosystems).
2.5 Photosynthetic pigment analysis

On January 24th, three circular samples of approximately 1cm

in diameter were taken from a selected leaf. Leaves were chosen
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based on positioning and exposure to supplemental lighting. Ten

samples in total were collected for each light treatment, each from a

separate leaf. The samples were immediately weighed and flash

frozen in liquid nitrogen, and placed in a -80°C freezer until

analysis. Samples were extracted in 1mL of 95% ethanol in a

warm (50°C) water bath for three hours. The ethanolic fraction

was removed and placed into a new tube. The sample was further

extracted once more and both aliquots were combined for a total

extract volume of 2 mL. After the extractions, the sample was

devoid of green color, indicating that the photosynthetic pigment

had been completely extracted. Samples were then analyzed at 664

nm, 649 nm, and 470 nm in a UV/Vis spectrophotometer (UV-

1600PC. VWR. Mississauga, Ontario, Canada). Concentrations of

chlorophyll a, b, and carotenoids were determined using the

equations from (Lichtenthaler, 1987).
2.6 Carbohydrate analysis

Three circular discs of approximately 1 cm in diameter samples

were taken from the fifth leaf on six separate plants under each

lighting treatment. Leaves were chosen based on positioning and

exposure to supplemental lighting. The samples were taken at 21:30

on January 27th, 2022 (PM measurement) and again at 5:30 on

January 28th, 2022 (AMmeasurement). These time points represent

the carbohydrate accumulation at the end of the day (PM

measurements) and at the end of the night (AM measurements).

Samples were immediately weighed and then flash frozen in liquid

nitrogen and kept in an -80°C freezer until analysis.

Leaf samples were extracted with 1mL of 80% ethanol in a warm

(50°C) water bath for one hour. The supernatant was removed,

ensuring no tissue was disturbed, and placed in a clean vial. The

procedure was repeated for a total of 3 times until the tissue was

devoid of green pigment (Tetlow and Farrar, 1993). The 3mL of

ethanolic fraction was then dried using a vacuum concentrator and

the paled leaf tissue was kept for further starch analysis. The

remains were reconstituted in deionized water and soluble sugars
BA

FIGURE 1

Normalized photon flux density (PFD) of daytime (6:00–20:00, (A)) and nighttime (20:00–6:00, (B)) light treatments as determined with a Li-180 (Li-
COR Biosciences, Lincoln, NE, USA) spectroradiometer during the night at the head of the plant. For each spectrum, the percentages of PFD of blue
(400–499nm), green (500–599nm), red (600–699nm), far-red (700–780nm), and the red:far-red (R:FR) are included in the Figure.
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were assayed using a sucrose/fructose/glucose kit (Megazyme.

Wicklow, Ireland). To analyze sucrose, the samples were added to

PMMA cuvettes and mixed with b-fructosidase and incubated at

room temperature for 5 minutes. Deionized water, a buffer solution,

and NADP+/ATP were then added to the cuvette and incubated for

an additional 3 minutes at room temperature before analysis at 340

nm (A1suc). Hexokinase plus glucose-6-phosphate dehydrogenase

was then added and incubated at room temperature for 5 minutes

and a second reading was recorded at 340 nm (A2suc). The same

procedure was repeated without the addition of tissue sample to

obtain a blank (A1sblank and A2sblank). For glucose and fructose

assays, the sample was mixed in a PMMA cuvette with deionized

water, a buffer solution, and NADP+/ATP and left to incubate for 3

minutes before analysis at 340 nm (A1g+f). Hexokinase plus

glucose-6-phosphate dehydrogenase was then added to the

sample, mixed, and was left to incubate at room temperature for

5 minutes before a second reading was taken at 340 nm (A2g+f).

Lastly, phosphoglucose isomerase was added to the cuvette and

incubated for 10 minutes at room temperature before a final

analysis at 340nm (A3g+f). The same procedure was completed

without any analyte to obtain blank values (A1g+fblank, A2g+fsblank,

and A3g+fblank). Absorbance values were determined using the

following equations:

Aglucose = (A2g+f − A1g+f ) − (A2g+fblank − A1g+fblank)

Asucrose = ((A2suc − A1suc) − (A2sblank − A1sblank)) − Aglucose

Afructose = A3g+f − A2g+f

The content (C; mg g-1 of fresh weight (FW)) of each soluble

carbohydrate was then calculated with the following:

C(mg   g−1FW) =
(
V*MW
ϵ*d*v

)*A

c

0
@

1
A

Where V is the final volume of the solution, MW is the

molecular weight of the carbohydrate being analyzed (i.e., glucose,

fructose, or sucrose), ϵ is the extinction coefficient of NADPH at 340

nm, d is the light path (cm), v is the sample volume, A is the

absorbance of the carbohydrate being analyzed (i.e., Aglucose,

Afructose, or Asucrose), and c is the concentration of the ethanolic

extract (g mL-1).

To assay starch, paled tissue after ethanolic extraction was

lyophilized overnight and ground in a homogenizer before

suspension in sodium acetate (100 mM). Thermostable a-amylase

was then added to the sample. The sample was vortexed then placed in

a boiling water bath for 15 minutes and was periodically vortexed

throughout. The sample was then placed in a 50°C water bath for 5

minutes to equilibrate the temperature. Amyloglucosidase was then

added to the sample, vortexed, and incubated in a warm (50°C) water

bath for 30 minutes. The sample was removed from the warm water

bath and left to cool at room temperature for 10 minutes. The sample

was then centrifuged at 13,000 rpm for 5 minutes. A subsample of the
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supernatant was mixed with sodium acetate buffer and vortexed to

create a stock solution. The stock solution was mixed with GOPOD

reagent, incubated at 50°C for 20 minutes then analyzed in a

spectrophotometer at 510 nm (As) in PS cuvettes. A blank was

obtained using the same procedure without the tissue sample (Ab).

Starch content was calculated using the following equation:

Starch   (g   100mL−1) =   (As − Ab)*F*
DV
SV *0:9

Where F is the absorbance value of glucose, DV is the diluted

sample volume, and SV is the sample volume taken for analysis. The

starch content was then converted to mg g-1 FW using the weight of

the sample taken before the tissue was frozen.
2.7 Antioxidant analysis

The antiradical activity in pepper leaves was determined based

on a modified version of a previously reported method (Alrifai et al.,

2020). Three leaf samples from six separate leaves under each

lighting treatment were taken on February 11th, 2022, weighed,

and then flash frozen in liquid nitrogen and placed in a -80°C

freezer. Before performing the analysis, the tissue was lyophilized

overnight. Freeze-dried tissue was ground in a homogenizer and a

subsample was transferred into a new microcentrifuge tube. The

subsamples were homogenized further and 1 mL of 100% methanol

was added to each microfuge tube. The samples were then left on a

nutator overnight at room temperature. The next morning, the

samples were centrifuged at 13,000 rpm for five minutes. The

supernatant was collected in a clean tube before suspending the

pellet in 1mL of fresh 100% methanol. Again, the sample was placed

on a nutator for three hours before being centrifuged and having the

supernatant removed. Both supernatant fractions were mixed

together in a single tube and placed in a -20°C freezer until

analysis. Fresh 2,2-diphenyl-1-picrylhydrazly (DDPH; 350 μM)

was prepared immediately before analysis. In a cuvette, 1 mL of

DPPH was mixed with 125 μL of methanolic sample extract and

placed in the dark to incubate for 30 minutes before the absorbance

was measured at 517 nm. The procedure was completed in

duplicate. A standard curve was prepared in quadruplicate using

the same assay technique but replacing the methanolic sample

extract with ascorbic acid (AA; 0.025 mM-1 mM concentrations).

All samples were expressed as μg AA mg-1 FW.

The ferric reducing antioxidant power (FRAP) assay of pepper

leaves was determined using a modified version of a previously

reported method (Alrifai et al., 2020). FRAP reagent was prepared

fresh and consisted of 300 mM acetate buffer (pH 3.6), 20 mM

FeCl3, and 10 mM 2, 4, 6-Tris (2-pyridyl)-s-triazine (TPTZ) in 40

mM HCl. 100 μL of methanolic sample extract was mixed with 900

μL of FRAP reagent and incubated on a heat block at 37°C for 1 h

before reading the absorbance at 593 nm. A standard curve was

completed using the same assay technique but ascorbic acid (AA;

0.025 mM-0.25 mM concentrations) was used instead of the tissue

sample. All samples were expressed as μg AA mg-1 FW.
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2.8 Yield

Pepper harvest began on November 23rd, 2021 and continued

weekly until April 5th, 2022. Peppers were harvested once they had

reached full maturity and had gone through a 75% color change.
2.9 Statistical analysis

All statistics were performed using SAS Studio 3.5. After the

analysis of variance (ANOVA), multiple means comparisons

between the different treatments were done using a Tukey-

Kramer adjustment and a value of p<0.05 to indicate a significant

difference. The greenhouse experiment was a randomized complete

block design with 2 replications. Regression analysis was done using

a backward elimination method. Final regressions with a p<0.05

were determined to be significant.
3 Results

Plants grown under the 100B treatment had significantly longer

internodes than the control (0B) treatment (20.9% increase,

Table 2). Plants grown under 150B did not have a increase in

internode length and were similar to plants under 0B. The length

and width of the 5th leaf as well as the stem diameter measured at

the 5th internode were statistically similar. The percent leaf dry

matter (p=0.096) and specific leaf weight (SLW; p=0.057) were also

similar under all light treatments (Table 2).

Daytime photosynthetic rates from the 50B treatment were

similar to the control (0B) treatment, but both 100B and 150B

treatments had reduced photosynthetic rates when compared to

both 0B and 50B (Figure 2A). Since the intrinsic supplemental

lighting intensity was different between all four treatments, the

photosynthetic rate was normalized on the incoming light intensity

(both supplemental and natural) that each leaf was subjected to (i.e.,

light-use-efficiency). After normalization, leaves under the 50B light

treatment still fixed similar amounts of CO2 per photon as leaves

under the 0B treatment. Again, leaves under both 100B and 150B

treatments produced lower light-use-efficiencies than leaves under

the control (Figure 2B). In all treatments, the amount of water loss
Frontiers in Plant Science 06123
due to transpiration was similar (Figure 2C). Accordingly, in leaves

under the 150B treatment water-use-efficiency was lowest.

T1he maximum efficiency of photosystem II (PSII) in the dark-

adapted state (Fv/Fm) is typically used to identify stress in the plant

caused by the light treatment (Kitajima and Butler, 1975; Baker, 2008).

In this study, leaves under all light treatments had the same Fv/Fm
indicating that no photoperiod-related injury occurred even under the

highest nighttime blue light intensity (Figure 3A). In contrast to the

results from the dark-adapted measurements, PSII operating efficiency

in the light-adapted state (FPSII) was observed to significantly decrease
with increasing nighttime light intensity after exposure to a 400 μmol m-

2 s-1 actinic light (Figure 3B). This was most-likely an attempt at

photoprotection by means of inactivation of PSII reaction centers.

The inactivation of PSII subsequently led to a decrease in linear

electron transport rate (ETR); a phenomenon that was also observed

as the nighttime light intensity increased (Figure 3C). As the inactivation

of PSII increases with nighttime light intensity, a growing amount of

incoming radiation must be dissipated in order to protect the leaf. One

way that excess light energy is dispelled is through non-photochemical

quenching (NPQ) which is achieved through thermal dissipation.

Therefore, as PSII inactivation occurs, NPQ increases with increasing

nighttime light intensity (Figure 3D). Subsequently, as NPQ increases

and FPSII decreases, photochemical quenching (qP) as well as the

fraction of open PSII reaction centers (qL) also decreased (Figures 3E, F).

Although dark-adapted measurements showed no photoperiod related

injury, when we consider all the above information, it is clear that as the

nighttime light intensity increased, the biochemical use of the incoming

radiation shifted from usage in the light reactions to energy dissipation

via NPQ in an effort to protect the photosynthetic machinery.

Both chlorophyll a and b, and to a lesser extent carotenoids, are

important pigments which funnel light into the photosynthetic

pathway. Generally speaking, the higher the photosynthetic

pigment concentration, the more light the plant will be able to

capture and utilize. In our study, we observed a decreasing linear

relationship between all three photosynthetic pigments with

increasing nighttime blue light intensity (Figures 4A, B, D). In

contrast, the ratio of chlorophyll a to b was unaffected by the light

treatments (Figure 4C).

Analysis of leaf carbohydrates provides insight in to the leaf’s

ability to produce and export the end product of photosynthesis.

Here, we observed that as the nighttime light intensity increased, so
TABLE 2 Internode length, length and width of the 5th leaf, stem diameter, dry matter percentage of the fifth leaf and specific leaf weight (SLW) of
pepper cv. ‘Gina’ measured on January 24th, 2022 under four different lighting treatments.

Treatment Internode
Length (cm)

5th Leaf Length
(cm)

5th Leaf Width (cm) Stem
Diameter
(mm)

% Leaf Dry Matter SLW (g m-2)

0B 4.39 ± 0.20B 17.8 ± 0.7A 9.9 ± 0.5A 8.44 ± 0.32A 13.4 ± 0.3A 20.1 ± 0.7A

50B 4.51 ± 0.34AB 17.9 ± 1.0A 10.6 ± 0.5A 8.53 ± 0.32A 14.7 ± 0.5A 17.8 ± 1.2A

100B 5.31 ± 0.18A 18.8 ± 0.9A 11.4 ± 0.4A 9.03 ± 0.31A 14.7 ± 0.5A 19.5 ± 1.2A

150B 4.69 ± 0.17AB 16.0 ± 0.5A 10.0 ± 0.2A 8.55 ± 0.30A 14.6 ± 0.3A 16.8 ± 0.6A
Mean values +/- standard error are representative of n=8. Within each parameter, different letters indicate significant differences as determined by a one-way ANOVA with a Tukey-Kramer
adjustment (p<0.05).
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too did the concentration of soluble carbohydrates (i.e., glucose,

fructose, and sucrose; Figures 5A–C) as determined during the AM

sampling period. Starch, which is mainly thought of as a storage

molecule, typically degrades during the night period to support the

carbon needs of the plant. However, as the nighttime light intensity

increased, starch levels in the leaf remained high; an indication that

starch was not being converted at the same rate as in plants that had

an 8h dark period (0B; Figure 5D). In fact, the starch level in plants

grown under 150B was almost four times higher than observed in

0B plants.

PM sampling measurements represent the accumulation of

carbohydrates during the day period. Both glucose and fructose

showed no significant differences among light treatments

(Figures 5A, B). Leaves grown under 0B had drastically increased

glucose and fructose concentrations compared to the AM sampling,

as would be expected. Interestingly, as the nighttime light intensity

increased, a difference between the concentrations of glucose and

fructose during the PM sampling and AM sampling was nearly

non-existent. In all CL treatments (50B, 100B, and 150B), the

daytime light intensity was reduced proportionally to keep the

DLI similar to the control (0B). Therefore, it would be expected

that lower amounts of carbohydrates would be synthesized

compared to plants grown under the 0B treatment during the

daytime. However, the similar soluble sugar concentrations

during the AM and PM sampling indicate a lack of movement of

these carbohydrates during the night period revealing a potential

bottleneck in carbon metabolism. Lastly, concentrations of both

sucrose and starch were observed to increase as the nighttime light

intensity increased in the PM sampling (Figures 5C, D).

Antioxidants are produced to inhibit oxidation and the

production of free radicals; both of which can damage the cell.
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DPPH radical-scavenging activity was observed to increase as the

nighttime light intensity increased (Figure 6A). Similarly, the ferric

reducing antioxidant power (FRAP) was also observed to increase

with increasing nighttime light intensity (Figure 6B). This indicates

that plants under higher nighttime light intensities were under more

oxidative stress than those which had lower or no nighttime

lighting (Figure 6).

Cumulative fruit number (Figure 7A) and cumulative fruit

weight (Figure 7B) followed very similar trends throughout the

20-week harvest period and were unaffected by the light treatments

indicating that CL treatments (50B, 100B and 150B) can sustain

crop yield similar to the 16 h control (0B). During the initial harvest

period, the average fruit weight was high in all light treatments

(Figure 7C). Throughout the remainder of the experiment, while

average fruit weight tended to oscillate, the general trend was that

fruit size decreased in all treatments.
4 Discussion

4.1 Dynamic CL with monochromatic blue
light sustains plant growth in peppers

With sustainability driving many innovations in the agricultural

space, the implementation of low intensity, long photoperiod

lighting strategies (including CL) has received much interest as a

way to shift electricity usage to the off-peak, nighttime hours (Velez-

Ramirez et al., 2012; Haque et al., 2015; Hao et al., 2018; Lanoue

et al., 2019; Lanoue et al., 2021a, b). During photoperiod

lengthening or CL, the circadian rhythm of the plant is often

disrupted due to the lack of synchronization between the
B

C D

A

FIGURE 2

Photosynthesis (A), light-use-efficiency (B), transpiration (C), and water-use-efficiency (D) of the 5th leaf of pepper cv. ‘Gina’ grown under the
different lighting treatments. Measurements were performed with a Li-COR 6400 fitted with a 2 x 3 cm clear top chamber on a cloudy day and thus
represent the parameters mostly driven by the supplemental lighting. Mean values +/- standard error are representative of n=4. Within each
parameter, different letters indicate significant differences as determined by a one-way ANOVA with a Tukey-Kramer adjustment (p<0.05).
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endogenous periodicity and exogenous environmental stimuli

(Velez-Ramirez et al., 2017b). This asynchrony leads to a down

regulation of photosynthesis accompanied by leaf chlorosis and a

reduction in yield. However, CL could increase plant biomass and

yield if injury were to be prevented (Velez-Ramirez et al., 2012;

Lanoue et al., 2019).

The results presented in this paper indicate that pepper plants

were able to grow under supplemental CL with a nighttime light

intensity of up to 150 μmol m-2 s-1 of blue light without obvious

visual injury. While most morphological parameters were

unchanged by growth under CL, it is notable that plants grown

under 100B had increased internode length when compared to the

16 h control (20.9% increase, Table 2). Conversely, Demers et al.,

1998b showed that broad spectrum CL from HPS lamps caused

shorter pepper plants. However, in our study, monochromatic blue

light was used during the night period and when used as a sole

source, blue light can increase stem elongation (Hernández and

Kubota, 2016; Lanoue et al., 2019; Kong and Zheng, 2020). The
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increased stem elongation can aid in reducing fruit stacking brought

about by short internodes with supplemental lighting which may

cause misshapen fruit, impacting quality (Lanoue et al., 2022b). A

further increase in internode length was not observed when the

nighttime light intensity was raised to 150 μmol m-2 s-1. Under a low

level of monochromatic blue light, phototropin is activated and this

can promote stem elongation (Kong and Zheng, 2020). However, as

the blue light intensity increases, a shift to higher activation rates of

cryptochrome occurs, inhibiting stem elongation (Kong and Zheng,

2020). Although the light intensity at which this change in blue light

photoreceptor activation occurs is unknown, it is clear that levels

above 100 μmol m-2 s-1 of sole blue light did not further increase

stem elongation. It should be noted that other methods to increase

internode length thereby averting fruit stacking does exist. The

increase in the difference between the day and night temperature

(typically facilitated by the increase of the daytime temperature) has

been observed to have a positive impact on stem elongation

(Carvalho et al., 2002). Additionally, the introduction of far-red
B

C D

E F

A

FIGURE 3

Chlorophyll fluorescence parameters including maximum efficiency of photosystem II in the dark-adapted state (Fv/Fm; (A)), the efficiency of
photosystem II chemistry in the light-adapted state (FPSII; (B)), the electron transport rate (ETR; (C)), the non-photochemical quenching (NPQ; (D)),
photochemical quenching (qP; (E)), and fraction of PSII reaction centers which are open (qL; (F)) from pepper leaves cv. ‘Gina’ grown under all light
treatments. Regression analysis was completed using the backwards elimination method. Each data point represents the mean +/- the standard
error of n=4. Only significant (p<0.05) regression analyses are represented in the graphs with p-values found in the bottom right corner of each
respective graph.
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lighting into a supplemental lighting strategy can also increase stem

elongation. Additional far-red light will shift the phytochrome

photo-stationary state in favor of phytochrome being in the

inactive form which in turn stimulates stem and internode

elongation (Demotes-Mainard et al., 2016). Both of these

strategies would also elicit an increase in internode length similar

to that observed in the 100B treatment. However, the blue light

played a dual role in meeting the DLI requirement for photo-

assimilate and biomass production and promoting proper

morphological change.

Throughout the experiment, the yield and fruit size were similar

regardless of which light treatment the pepper plants were grown

under (Figure 7). Notably, fruit quality as measured by Brix analysis

was unaffected by CL treatments (data not shown) which indicates

that elevated carbohydrate levels in the leaves of plants grown under

CL did not translate to increased sugar levels in the fruit. Previous

research has shown that the utilization of a drastically lower

nighttime light intensity compared to the daytime can reduce the

chlorotic damage caused by CL (Matsuda et al., 2016; Velez-

Ramirez et al., 2017b; Lanoue et al., 2019; Pham and Chun, 2020;

Lanoue et al., 2021b). In contrast, our previous study utilized a

similar nighttime light intensity (147 ± 3 μmol m-2 s-1) but with

broad spectrum white light and observed chlorosis and yield

reduction in peppers (Lanoue et al., 2022b). Since both studies

used pepper plants and the nighttime light intensities were almost

identical, the conflicting results can be explained by the light spectra

used. However, it should be noted that the pepper cultivar used in

these two studies were different and therefore a genotype-dependent

response could also be possible. These studies indicate that to avoid
Frontiers in Plant Science 09126
CL-injury, a reduction in nighttime light intensity or a change in

spectral spectrum is needed. If CL is to be successful in averting

injury and maintaining yield, a dynamic strategy with changes in

light intensity, or light spectrum or both between daytime and

nighttime must be employed.

The circadian rhythm of the plant is altered by the use of CL

which can cause changes in the expression of proteins and enzymes.

Notably, type III light harvesting chlorophyll a/b binding protein 13

(CAB-13) has been identified as a key player in CL-injury in tomato

(Velez-Ramirez et al., 2014). However, the circadian rhythm

complexes are intricate, allowing for many possible points of

regulation (Inoue et al., 2018). Utilizing a dynamic spectral shift

during CL (i.e., a change in the light spectra between the day and

night) has shown promise in reducing CL-injury and increasing

yield in several crops (Matsuda et al., 2016; Ohtake et al., 2018;

Lanoue et al., 2019). Implementing dynamic CL as opposed to

maintaining a continuous intensity of broad spectrum light, has the

potential to partially restore the plant’s natural circadian rhythm,

aiding in injury prevention. In fact, Velez-Ramirez et al., 2017b

found that dim blue light (10 μmol m-2 s-1) during the night

following a white light spectrum also reduced CL-injury in

tomato. Furthermore, our previous research on peppers and

tomatoes has shown that up to 75 μmol m-2 s-1 of blue light

during the night did not cause CL-injury (Lanoue et al., 2019;

Lanoue et al., 2021b). Therefore, the switch from white light during

the day to blue light at night may be able to maintain circadian

synchrony allowing for proper gene expression of CAB-13.

The current understanding related to blue light averting or

preventing injury is poorly understood. Regarding spectral quality,
B

C D

A

FIGURE 4

Photosynthetic pigment concentrations of pepper cv. ‘Gina’ leaves grown under all light treatments. Chlorophyll a (A), chlorophyll b (B), chlorophyll
a:b (C) and carotenoids (D) from leaf samples. Regression analysis was completed using the backwards elimination method. The data points
represent the mean +/- standard error of n=10. Only significant (p<0.05) regression analyses are represented in the graphs with p-values found in
the bottom right corner of each respective graph.
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photoreceptors become a natural area of interest to understand the

interaction with circadian entrainment (Marie et al., 2022); in the

case of blue light, specifically cryptochrome. While not entraining

the circadian rhythm itself, cryptochrome can interact with other
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protein regulators which have known to impact on the core

circadian clock (Shor et al., 2017). Under continuous blue light,

the circadian rhythm of leaf movement is naturally entrained to a

24h period, whereas exposure to continuous darkness, green light,

red light, or far-red light resulted in a phase shift away from a 24h

period (Halaban, 1969). The incidence of blue light can stabilize

cryptochrome which can determine the phase of the circadian

rhythm (He et al., 2022). In the case of the current research and

previous literature (Halaban, 1969; Lanoue et al., 2019; Lanoue

et al., 2022a), blue light was able to entrain the circadian rhythm to

24h, simulating a natural 24h period involving light and dark

periods (such as 16h light, 8h darkness). The interaction between

blue light and cryptochrome has also been postulated to regulate

circadian clock associated 1 (CCA1) expression. It was found that in

plants deficient in cryptochrome 1 and 2, an arrhythmic circadian

rhythm was observed, again indicating that cryptochrome plays an

important role in entrainment (Mo et al., 2022). Mo et al. (2022)

postulated that a possible mechanism for circadian entrainment was

the blue light input loop, in which blue light activated a down

stream effect, mediated through cryptochrome. However, the exact

mechanism has yet to be determined and therefore requires

further research.
4.2 Continuous lighting, photosynthetic
feedback, and photochemistry

The constant photosynthetic pressure from CL led to increased

carbohydrate levels compared to plants grown under the 16 h

photoperiod (0B), regardless of nighttime light intensity

(Figure 5). Demers et al., 1998b observed higher levels of starch

in pepper leaves grown under CL compared to a 14 h photoperiod,

whereas soluble sugars were unaffected. Due to this high

carbohydrate accumulation, an inevitable increase in ROS

production also occurred, which can be attributed to the over-

reduction of electron acceptors under constant light pressure

(Velez-Ramirez et al., 2011; Zha et al., 2019; Kumar et al., 2022).

Similar to other studies (Haque et al., 2015; Zha et al., 2019; Wen

et al., 2021; Kumar et al., 2022) the antioxidant capacity increased

under CL and displayed a significant linear relationship with

increasing nighttime light intensity (Figure 6). This increase in

DPPH and FRAP activity suggests an increased need from the plant

for ROS-scavenging in order to prevent further oxidative stress to

the photosynthetic machinery as well as DNA damage (Huang et al.,

2019). In fact, the increase in ROS-scavenging ability may be

partially responsible for the lack of chlorosis observed in peppers

as similar responses have been observed in lettuce, a species which is

CL-tolerant (Wen et al., 2021). Similar increases in ROS-scavenging

were observed by Haque et al., 2017 when a variable temperature

strategy was used during CL to mitigate injury. Consequently, we

hypothesize that high nighttime blue light intensities (150 μmol m-2

s-1) are causing a hermetic/adaptive effect, which may be absent

when the light spectrum remains constant (Jalal et al., 2021). This

allows for the plant to manage the elevated ROS levels through

increased ROS-scavenging abilities thus limiting photosynthetic

reduction (Huang et al., 2019).
B
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FIGURE 5

Glucose (A), fructose (B), sucrose (C), and starch (D) concentrations
from the analysis of the 5th leaf of pepper cv. ‘Gina’ plants
representing each of the 4 lighting treatments. The leaves were
sampled twice, once in the AM (5:30) and once in the PM (21:30). The
AM sampling represents what happens to the carbohydrate profile
during the night period while the PM sampling represents what
happens during the daytime. Regression analysis was completed using
the backwards elimination method. Mean values +/- the standard
error are representative of n=6. Only significant (p<0.05) regression
analyses are represented in the graphs with the coloring of the
regression line and p-value corresponding to the sampling time.
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Together with the increase in antioxidant capacity, a subsequent

reduction in photosynthetic pigments was also observed. As the

nighttime light intensity increased, chlorophyll a, chlorophyll b, and

carotenoid content decreased (Figure 4). In peppers, the literature is

inconclusive regarding the relationship between photosynthetic

pigments and CL. Some literature suggests that chlorophyll content

in peppers was negatively correlated with the lengthening of the

photoperiod (Dorais, 1992), while others found that chlorophyll was

unaffected by CL (Murage and Masuda, 1997). Conversely, our DLI

was 34% higher than that used by Murage and Masuda, 1997 which

could account for the disparities seen between the two studies.

When plants are exposed to excess light or an environment with

a fluctuating light intensity, they must be able to cope with the

abiotic stress while maintaining efficient light harvesting processes
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to avoid photodamage (Kaiser et al., 2015). In the case of CL,

radiation pressure is constant and can elicit plant stress responses.

Similar to an increase in antioxidants, a decrease in photosynthetic

pigments, such as chlorophyll, can aid in the reduction of photo-

oxidative stress caused by excess light when carbohydrate levels are

increased. By reducing the amount of chlorophyll pigment, and

coincidentally the antenna size/efficiency (Jin et al., 2016), less light

energy would be transferred to the primary electron acceptor.

Collectively, the reduction in chlorophyll content and the

production of ROS-scavenging enzymes represent acclimation

responses to the constant photon pressure of CL to mitigate

further oxidative stress of PSII.

Without question, growth under CL can cause plants to undergo a

stress response. However, the extent to which the abiotic factor
B

A

FIGURE 6

Antioxidant activity levels of pepper cv. ‘Gina’ leaves measured by 2,2-diphenyl-1-picrylhydrazyl (DPPH; (A)) and ferric reducing antioxidant power
(FRAP; (B)) grown under various light treatments. DPPH is expressed as µg of ascorbic acid (AA) mg-1 of fresh weight. Regression analysis was
completed using the backwards elimination method. Mean values +/- the standard error are representative of n=6.
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causing the stress response becomes harmful to the plant as opposed

to beneficial is difficult to quantify. A common metric used to

measure plant stress is assessing the maximum efficiency of PSII

using Fv/Fm (Bilger et al., 1995; Baker, 2008; Janka et al., 2015; Guidi

et al., 2019). Fv/Fm is quantified using a dark-adapted leaf, and

therefore measures the reaction center of PSII in the open state (i.e.,

when the primary acceptor quinine is fully oxidized). In this way, we

believe this measurement places the plant in an artificial state which is

not representative of normal growth conditions. Our study shows that

even under CL with high nighttime light intensity of 150 μmol m-2 s-1,

Fv/Fm was unaffected when compared to plants grown under 0B; a
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traditional 16 h photoperiod. In a light-adapted state, PSII operating

efficiency at the actinic light intensity (FPSII) and quenching

coefficients (NPQ and qP) as well as ETR can be determined. A

contrasting narrative unfolded when employing light adapted metrics.

Although the actinic light level was identical during measurements of

all treatments (400 μmol m-2 s-1), FPSII, ETR, qP, and qL are

observed to decrease with increasing light intensity while NPQ is

seen to increase (Figure 3). This suggests that when measured in a

dark-adapted state, leaves appear to be without injury, while during

light-adapted measurements, PSII was unable to perform optimally as

the nighttime light intensity increased. Since NPQ is used as a
B

C

A

FIGURE 7

Cumulative fruit number (A), cumulative fruit weight (B), and average fruit weight (C) of pepper cv. ‘Gina’ grown under all light treatments as
recorded weekly from November 23rd, 2021 to April 5th, 2022.
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photoprotective mechanism to preserve PSII (Ruban et al., 2007;

Ruban and Murchie, 2012), it then stands to reason that as the

nighttime light intensity increased, plants exhibit reduced capability to

utilize incoming light in the photosynthetic process and are protecting

themselves from the light they are exposed to. In an effort to alleviate

photodamage of PSII, it is possible that there was an uptick in cyclic

electron flow around PSI (Yamori and Shikanai, 2016). In this

instance, an imbalance would be created between ATP and

NADPH formation, creating a large proton gradient needed for

NPQ, and have downstream implications on carbon metabolism

(Joliot and Johnson, 2011). In contrast to a decrease in

photosynthetic pigment and increase in antioxidant capacity, PSII

photochemistry is an instantaneous response to current conditions

(Muller et al., 2001). With the underlying acclimation response, light-

adapted chlorophyll fluorescence measurements were able to elucidate

the real-time response of leaves to incoming radiation. Together, a

reduction in photosynthetic pigments, increase in ROS-scavenging,

and increase in NPQ aimed tomitigate the harmful effects of excessive

radiation, in this case, CL, during plant growth. While the

photosynthetic rate and LUE were reduced as nighttime light

intensity increased (Figure 2), reductions in LUE were minimized

due to their coping mechanisms thus yield in peppers was unaffected.

One suggested mechanism for the observed impact of nighttime

intensity on light-adapted measurements, while dark-adapted

measurements remain unaffected, is the rate of ribulose 1,5-

biphosphate (RuBP) regeneration (Baker, 2008). In Phaseolus

vulgaris L. leaves which had artificially elevated carbohydrate

levels due to sucrose treatment, RuBP regeneration was observed

to be the limiting factor in photosynthetic performance (Araya

et al., 2006). In the present study, the carbohydrate levels when

plants were grown under all CL treatments were observed to be

higher than in plants grown under treatment 0B which involved an

8h dark period (Figure 5). The presence of increased carbohydrate

under CL coincided with reduced photosynthesis and LUE

(Figures 2A, B). Furthermore, it was observed that carbohydrate

levels remained unaltered (glucose and fructose) or only marginally

decreased (sucrose and starch) after the nighttime period (AM

sampling) in plants grown under CL compared to the PM sampling

(Figure 5). The lack of carbohydrate loss during the night period

was similar to that found in tomatoes grown under CL (Demers and

Gosselin, 2002; Haque et al., 2015). This shows a disconnect

between the light intensity, photosynthetic rate, carbon export,

and carbohydrate status of the leaf. Typically, carbon export, the

process by which soluble carbohydrates are moved out of the leaf,

increases with light intensity (Jiao and Grodzinski, 1996) and

daytime export is always higher than nighttime export due to the

presence of light (Lanoue et al., 2018). Here, we observed elevated

leaf carbohydrate levels even when the nighttime light level was 150

μmol m-2 s-1 suggesting an imbalance between source and sink

tissue activity. Since light is present, but export seemed to be

lacking, enzymes related to the export pathway may be under

circadian control (Chincinska et al., 2013) similar to those in the

sucrose biosynthetic pathway (Jones and Ort, 1997). With a build-

up of carbohydrates in the leaves, but yield being sustained in the

current CL treatments, examination of the link between carbon
Frontiers in Plant Science 13130
export and CL is of interest in potentially realizing yield gain under

such a lighting strategy.
5 Conclusion

Although increased carbohydrate content and ROS-scavenging

capability as well as decreased photosynthetic pigment content

signal a potential adverse response to CL, it was not observed to

impair the yield of pepper plants in this study. Furthermore, based

on the commonly used stress metric Fv/Fm, measured in a dark

adapted state, all plants grown under CL treatments displayed low

levels of stress, similar to the 0B treatment. Interestingly, although

dark-adapted chlorophyll fluorescence measurements were

unaffected by light treatment, light-adapted chlorophyll

fluorescence measurements seemed to be impacted. The data

implies that FPSII and ETR decreased while NPQ increased with

increasing nighttime light intensity. In dark-adapted chlorophyll

fluorescence measurements, the saturating light pulse is meant to

occur fast enough that photosynthesis will not be initiated. While

dark-adapted measurements do not drive photosynthesis, light-

adapted measurements incorporate feedback about the downstream

photosynthetic products. Light adapted measurements integrate the

feedback that carbohydrate levels are elevated and respond with a

reduction in FPSII, ETR, and qP and an increase in NPQ.

Therefore, we suggest the use of light-adapted chlorophyll

fluorescence measurements may be a more appropriate method in

identifying stress in CL tolerant crop-types.
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Supplemental greenhouse
lighting increased the water
use efficiency, crop growth,
and cutting production in
Cannabis sativa
Cristian E. Collado1, Seung Jae Hwang2

and Ricardo Hernández1*

1Department of Horticultural Science, North Carolina State University, Raleigh, NC, United States,
2Division of Horticultural Sciences, Institute of Agriculture & Life Sciences, Research Institute of Life
Sciences, Division of Crop Sciences, Gyeongsang National University, Jinju, Republic of Korea
The expanding cannabis production sector faces economic challenges,

intensified by freshwater scarcity in the main US production areas. Greenhouse

cultivation harnesses sunlight to reduce production costs, yet the impact of

greenhouse light levels on crucial production components, such as plant growth,

branching, and water use efficiency (WUE), remains poorly understood. This

study aimed to assess the effects of combined sunlight and supplemental lighting

on the crop’s main production components and leaf gas exchange of Cannabis

sativa ‘Suver Haze’ in the vegetative stage. Within a greenhouse, LED lighting

provided at intensities of ~150, 300, 500, and 700 μmol m-2 s-1 (18-hour

photoperiod), combined with solar radiation, resulted in average daily light

integrals of 17.9, 29.8, 39.5, and 51.8 mol m-2 d-1. Increasing light levels linearly

increased biomass, leaf area, and the number of branches per plant and square

meter, with respective rates of 0.26 g, 32.5 cm2, and 0.41 branches per mole of

additional light. As anticipated, crop evapotranspiration increased by 1.8-fold

with the increase in light intensity yet crop WUE improved by 1.6-fold when

comparing the lowest and highest light treatments. Moreover, water

requirements per unit of plant biomass decreased from 0.37 to 0.24 liters per

gram when lighting increased from ~18 to 52 mol m-2 d-1, marking a 35%

reduction in evapotranspiration. These results were supported by increments

in leaf photosynthesis and WUE with light enhancement. Furthermore, our

findings indicate that even 52 mol m-2 d-1 of supplemental lighting did not

saturate any of the crop responses to light and can be economically viable for

cannabis nurseries. In conclusion, light supplementation strongly enhanced

photosynthesis and plant growth while increasing WUE. Additionally, a

comprehensive discussion highlights the shared physiological mechanisms

governing WUE in diverse plant species and their potential for water

conservation under enhanced lighting conditions.
KEYWORDS

HEMP, stock plant, propagation, water management, water reduction, crop yield,
PPFD, DLI
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Introduction

The expansion of both medicinal and recreational cannabis

sectors within the United States is witnessing persistent growth,

attributable to the ongoing legalization efforts across various states

(DeCarcer et al., 2021). The cultivation of high-value cannabis crops

is predominantly conducted within controlled environments,

encompassing indoor sole-source-LED light facilities and

greenhouses. While greenhouse cultivation harnesses solar energy

to enhance cost-efficiency in production (Vezdos and Martinez,

2021), it confronts the challenge of potentially insufficient natural

sunlight levels required to attain targeted crop quality and yield.

Furthermore, the escalating demand for water resources poses a

pressing concern, as approximately 37% of the freshwater supply

in the United States is allocated to irrigation (Dieter et al., 2018).

This issue is exacerbated by other factors, including population

growth, agricultural demands, complexities in water infrastructure,

and recurring drought conditions (GAO, 2014). Furthermore,

California, a state deeply affected by water shortages, accounted

for 58% of medical and recreational cannabis licenses issued in 2021

(Conway, 2023). Therefore, it is imperative to optimize cannabis

production and other crops through the strategic application of

supplemental lighting and water-saving approaches. Addressing

these multifaceted challenges requires a comprehensive

understanding of crop light and water utilization.

Research pertaining to Cannabis sativa cultivated under sole-

source LED lighting reported a correlation between the daily light

integral (DLI) and crop productivity. For instance, cannabis flower

yield exhibited a linear increase in response to increasing DLI levels,

up to 78 mol m-2 d-1, which represented the highest DLI

investigated under short-day conditions, 12 h (Rodriguez-

Morrison et al., 2021). Moreover, when subjected to long day

durations, 16 h, the shoot biomass demonstrated a similar

positive trend and increased even with 82 mol m-2 d-1 (Moher

et al., 2021). However, it is essential to acknowledge that the

dynamics of light within the context of greenhouse production

can deviate substantially from those observed in sole-source LED

facilities, and those changes may strongly affect plant physiological

and crop efficiencies. Greenhouse environments are characterized

by diurnal fluctuations in light intensity, a balanced spectrum

encompassing blue, green, red, and far-red wavelengths, as well

as the introduction of additional radiation from 800 to 2500 nm.

The resultant but dynamic spectral combination between sunlight

and electrical lighting further confounds the light environment

within greenhouses. These dynamic light conditions can influence

diverse facets of plant biology, including growth patterns,

morphological attributes, and key physiological processes such

as photosynthesis, stomatal conductance, transpiration, and

energy balance (Pieruschka et al., 2010; Nelson and Bugbee, 2015;

Zhen and Bugbee, 2020). Consequently, it is imperative to

emphasize the need for comprehensive characterizations of the

lighting environment in greenhouse supplemental lighting studies.

Moreover, this research enhances the limited body of knowledge

concerning the impact of supplemental lighting on cannabis

greenhouse production (David Potter, 2009).
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Radiation influences water usage in non-stressed plants,

primarily by increasing transpiration rates (Whitehead, 1998;

Pieruschka et al., 2010; Pokorny, 2019). While it is known that

increased radiation levels correspondingly lead to increased water

consumption, a more comprehensive approach for assessing water

utilization leads to calculating water-use efficiency (WUE). WUE

captures the interaction between plant growth parameters, such as

yield and biomass, with transpiration or evapotranspiration and can

be quantified at the leaf, plant, and crop levels (Jackson et al., 2016;

Hatfield and Dold, 2019).

One of the principal strategies employed to enhance cropWUE is

the deliberate reduction of water availability within the soil or

substrate, a practice that significantly decreases the transpiration

rate. Nonetheless, this approach most often reduces plant

productivity, given the associated decrease in photosynthetic rates

(Hubick and Farquhar, 1989; Lawson and Blatt, 2014; Xing et al.,

2022). Remarkably, research has demonstrated that trees originating

from diverse botanical families and adapted to varying geographical

regions exhibit reduced leaf transpiration when subjected to elevated

radiation levels in comparison to conspecifics grown under lower

irradiance conditions, even while concurrently displaying heightened

rates of photosynthesis (Idris et al., 2019). This suggested that leaves

adapted to highlight environments may possess superior WUE

compared to their shade-adapted counterparts when both leaf types

are subjected to identical radiation regimes. Therefore, one of the

main focuses of this investigation was to quantify leaf and crop water-

use efficiencies in the context of cannabis cultivation under increased

supplemental light conditions.

Cannabis nurseries and flower producers employ extended

photoperiods to increase branch proliferation and plant size. This

enhances cutting production in nurseries and conditions plants for

higher flower yields. Therefore, enhancing biomass and branch

count and minimizing cultivation time is vital for cannabis

nurseries, ensuring a seamless supply of plants to cannabis flower

producers. Prior investigations have yet to elucidate the impact of

lighting on branch development (potential cuttings) and the

associated morphological and physiological parameters of

cannabis vegetative plants in greenhouses.

The primary objective of this research was to investigate the

impacts of greenhouse light levels, encompassing solar radiation in

conjunction with various supplemental LED light intensities (~150,

300, 500, and 700 μmol m-2 s-1), on growth parameters, the number

of branches, water utilization (WU), and water-use efficiency

(WUE) in a vegetative crop of Cannabis sativa L. Additionally,

we aimed to assess the effects of these prolonged light treatments on

key leaf physiological attributes, specifically photosynthesis (A),

stomatal conductance (gsw), and transpiration (E), which are pivotal

determinants of both growth and water consumption.

The study involved the examination of two hypotheses. 1)

Increments in the cumulative light dosage would elicit an increase

in plant growth and in the number of branches. 2) Leaves of

cannabis plants cultivated under an elevated DLI would display

higher WUE due to increased photosynthetic rates than their

counterparts exposed to a lower DLI when leaves were evaluated

under high PPFDs.
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Materials and methods

Starting plant material and location

Rooted cuttings of Cannabis sativa cv Suver Haze (© Oregon

CBD) served as the initial material. The cuttings underwent rooting

in a greenhouse for 24 days and a photoperiod of 18 hours. The

propagation was conducted by a commercial nursery in Broadway,

NC, US (Ryes Greenhouses LLC). On October 9, 2020, 240 plug

plants (rooted cuttings) were selected to be planted, as well as five

additional and representative samples for destructive measurements.

The most uniform plants were selected based on morphological

similarities (mean ± SD of five representative samples: number of

leaves: 3.6 ± 0.9, shoot fresh and dry mass: 1.4 ± 0.4 g and 0.26 ±

0.08 g, root dry mass: 18.1 ± 7.2 mg, and leaf area: 37.5 ± 10.5 cm2).

The plants were evenly distributed among 12 research plots within a

glass greenhouse at the NC State Horticulture Field Lab in Raleigh,

NC, USA. Further details can be found in Supplementary Figure S1 of

the Supplementary Material section.
Plot sensing and controlling capabilities

Each production-research plot was equipped with two LED

dimmable lighting fixtures to establish and maintain specific light

levels, as illustrated in Supplementary Figure S1. Additionally, two

soil moisture sensors, two load cells, and a solenoid valve were

employed to quantify water evapotranspiration and sustain optimal

substrate moisture and nutrition due to the crop requirements at

each plot. Furthermore, a fine-wire thermocouple and quantum

sensor were utilized to address greenhouse air temperature and

solar variations. In total, 72 sensors and 12 solenoids were

connected to a datalogger and controller through four sensor

multiplexers and a relay driver, with data logged at 5-minute

intervals . Hardware specifications are detailed in the

Supplementary Material section.
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The treatments

The day after planting, the supplemental lighting was increased

from ~90 μmol m-2 s-1 to ~ 150, 300, 500, and 700 μmol m-2 s-1

(Table 1) and maintained for 20 days until harvest. Each light level

represents the average of three plots or production areas

(Supplementary Figure S1). However, the treatments consisted of

a combination of supplemental LED and solar radiation. Details are

presented in Table 1, and the light spectra of average sunlight, as

well as the lowest and highest light treatments, are presented in

Table 2 and Supplementary Figure S2. The calibration and control

of the lights are described in the Supplementary Material under the

title Supplemental Light Calibration and Control.
Greenhouse conditions

The greenhouse air conditions were regulated with forced hot

air, a cooling wet pad, two exhaust fans, and a Priva Maximizer

control system (De Lier, Netherlands). The average temperature

and humidity were 25.4 ± 1.7°C and 73.3 ± 10.4% (mean ± SD) at

the center of the greenhouse at canopy height and measured in an

aspirated box. The air temperature at the top of the 12 canopies was

similar, yielding a mean ± standard deviation between plots of 25.4

± 0.3°C. The daytime carbon dioxide was around 410 μmol mol-1

and monitored right next to the canopy.
Control of the substrate moisture
and fertilization

Control of substrate moisture and fertilization was managed

through independent irrigation control at each of the 12 plots,

utilizing readings from two soil volumetric water content (VWC)

sensors per plot. The plot’s solenoid valve was activated for 25

minutes based on the lowest substrate moisture reading from two
TABLE 1 Summary of light sources and levels: supplemental PPFD, cumulative supplemental plus solar treatments (∑PPFD), average daily light
integral (DLI), average PPFD, and light source.

Supplemental PPFDz ∑PPFDy DLIx Average PPFDw Light
source:v

∑ePAR
(400-750 nm)

eDLI
(400-750 nm)

PPFD
ePAR

μmol
m-2 s-1

mol
m-2

mol
m-2 d-1

μmol
m-2 s-1

Sun LED
mol
m-2

mol
m-2 d-1

%

151 ± 0 376 ± 49 17.9 277 48% 52% 408 19.5 92%

300 ± 2 625 ± 8- 29.8 459 38% 62% 669 31.8 94%

501 ± 2 829 ± 59 39.5 610 22% 78% 862 41.1 96%

703 ± 3 1088 ± 55 51.8 800 17% 83% 1121 53.4 97%
front
∑ePAR and eDLI are cumulative photons based on an extended PAR range 400 to 750 nm (Zhen et al., 2021). Means and standard deviations were calculated from the three greenhouse plots per
light level. The photoperiod was maintained at 18 hours.
zPhotosynthetic photon flux density from 400 to 700 nm) measured with a line quantum sensor (mean ± standard deviation).
yMeasured continuously for 21 days with quantum sensors (mean ± SD). Twenty-one days include one day of LED (~90 μmol m-2 s-1) + solar radiation and 20 days of LED treatments +
solar radiation.
xDLI = ∑PPFD/21 days.
wDLI/Photoperiod * time and mol conversion factors.
vProportions between supplemental (LED) and solar radiation (Sun).
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plants in each treatment area. Irrigation was initiated when the

VWC reached or fell below 0.345 ± 0.014 m3 m-3 (80% of

container capacity).

Two irrigation emitters with a combined flow of 5.4 L h-1 per

pot were employed to ensure uniform moisture and prevent

nutrient-salt accumulation. Detailed analysis of nutrient solution

composition, pour-thru procedure samples (Table S1), substrate

conditions, and moisture calibration can be found in the

Supplementary Material section.
Plants for measurements and growing area

the total growing area per plot was made of 20 plants, using a

density of 10.8 plants m-2. However, only plants from the center of

the plots (6 plants) were used for plant measurements to avoid

edge effects.
Vegetative growth measurements

Plant height (measured from the growing tip to substrate level)

was assessed every two to four days. Plant biomass and leaf

parameters were determined through destructive measurements

on day 21. Plant fresh mass was immediately recorded after

cutting the plant at ground level. Leaf area, and leaf and stem dry

mass were quantified using Li-3100C units (Li-Cor, Lincoln, NE,

USA) and drying ovens set at 69°C, respectively. The number of
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primary and secondary branches (length ≥ 5 cm) was counted on

the main stem and the primary branches, respectively.
Evapotranspiration

Evapotranspiration (ET) and evaporation were quantified by

measuring changes in the load cell readings (including the weight of

water, substrate, pot, and plant for ET, or the weight of water,

substrate, and pot for evaporation) after and immediately before the

irrigation events occurred (Supplementary Figure S3A). ET was

quantified in all plots, while evaporation was measured using a pot

without a plant. Refer to the Supplementary Material section for

more details.

WUE (Water Use Efficiency): Shoot water use efficiency was

calculated as the ratio between the dry mass of leaves and stems

and the litters of evapotranspiration in a 21-day period. Similarly,

the ratios between primary, secondary, and total branches and

evapotranspiration requirements were calculated. Leaf WUE was

calculated as the ratio between photosynthesis (A) and

transpiration (E).
Metabolite and gas
exchange measurements

These measurements were performed on fully expanded, light-

exposed top leaves to compare leaves developed under different
TABLE 2 Solar and LED spectrum measurements and calculations for light quality comparison.

Plant light
parameter

wavelength
range (nm)

Units
Greenhouse
sunlight (Sun)

LED
(151 PPFD)

LED
(703 PPFD)

Sun + LED
(144 + 151 PPFD)

Sun + LED
(144 + 703 PPFD)

PPFD 400-700

μmol
m-2 s-1

144 151 703 295 847

ePAR* 400-750 170 152 707 321 877

UV 300-400 5.0 0.1 0.4 5.1 5.4

Blue 400-500 34.2 27.5 121.6 61.8 155.8

Green 500-600 53.3 0.4 1.5 53.6 54.7

Red 600-700 56.5 123.1 580.4 179.6 636.9

Far Red 700-800 49.3 0.9 4.0 50.2 53.3

Blue/PPFD

%

23.8 18.2 17.3 20.9 18.4

Green/PPFD 37.0 0.2 0.2 18.2 6.5

Red/PPFD 39.3 81.5 82.5 60.9 75.2

Red/Blue 1.65 4.48 4.77 2.91 4.09

Red/Far Red 1.15 132.0 143.7 3.6 11.9

Pfr/Ptotal** 0.73 0.88 0.88 0.83 0.86
The greenhouse sunlight measurements were adjusted to match the average photosynthetic photon flux density of 144 μmol m-2 s-1. The calculated solar mean is based on an 18-h photoperiod
and an average DLI of 9.3 mol m-2 d-1 from the solar radiation measurements among the 12 plots. The LED and Sun + LED columns show the lowest and highest lighting treatments. The LED
columns represent the greenhouse lighting conditions without solar radiation, while the Sun + LED columns represent average lighting conditions in the 18-h lighting period. This table analysis is
based on ~20 and 21 days for the LED conditions and the average greenhouse solar radiation, respectively; thereby, they may differ from values in Table 1.
*ePAR represents an extended PAR or PPFD range (Zhen et al., 2021).
**Phytochrome photoequilibrium (Sager et al., 1988).
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light levels. Crops were subjected to light treatments for 18 days

before the readings. Chlorophyll, anthocyanin, and flavonol indexes

were measured on the adaxial surfaces using a Dualex Scientific

handheld leaf-clip meter (Force-A, Orsay, France). On similar

leaves, net CO2 assimilation (A), stomatal conductance to water

vapor (gsw), transpiration (E), internal leaf CO2 concentration (Ci),

and leaf temperature measurements were taken using a Li-6800

with a 2-cm² aperture 6800-01A chamber (Li-Cor, Lincoln, NE,

USA). Readings were recorded at the center of the leaflets and after

the CO2 assimilation plateaued for at least two minutes. The

chamber maintained 18% blue light, 82% red light, 70% relative

humidity (RH), 27°C temperature, and 404 ppm of CO2. The

settings were chosen based on greenhouse conditions and

instrument capability.
Statistics

For crop parameters and leaf pigments, linear regression and

ANOVA were conducted using the mean of one or more

subsamples per plot. Subsamples or observational units (OU)

consisted of 6 plants for plant height, 3 plants for biomass, leaf

area, and branches, 1-2 load cells for evapotranspiration, and 18

leaves for metabolites. The total sample size was defined as N, and in

the same way, the number of true replications in one group or light

level was n. Because the plot acted as the experimental unit, N and

the number of plots were equivalent to 12 (Lazic et al., 2018).

For leaf gas exchange analysis from 150 to 2000 μmol of light m-

2 s-1 (PPFD), only top leaves grown under DLIs of ~18 and 52 mol

m-2 d-1 were analyzed (N=6, n=3, OU=1 leaf per plot). Split-plot

models were used on A, E, gsw, and WUE to evaluate responses

based on the effects of DLI, PPFD, and DLI*PPFD. Light intensity

(150, 300, 500, 700, 1000, 1300, 1600, and 2000 μmol m⁻² s⁻¹) effects
were evaluated at the split-plot level. Consequently, the effects of

long light exposure or DLI were assessed at the main plot level. In

addition, DLI effects were analyzed using t-tests. T-tests were used

to compare specific groups and validate this study’s second

hypothesis. More specifically, one-tailed t-tests were used to

evaluate the effect of DLI on leaf photosynthesis and WUE under

elevated PPFDs (≥ 700 μmol m-2 s-1), while leaves under lower

PPFDs were evaluated under two-tailed t-tests. All analyses and

graphs were performed using JMP Pro 16.0 and 17.0 from SAS

(Cary, NC, USA).
Results

The results were analyzed using the cumulative light per square

meter exposure in 21 days (∑PPFD), given that plant responses to

light are influenced by the spatial and temporal aspects of light

capture (Rosati and Dejong, 2003). Nevertheless, considering that

the standard practice in research and production often involves

quantifying cumulative light on a daily basis rather than over the

entire growth period, Daily Light Integral (DLI) was also used for

the interpretation of results and discussion. A comprehensive
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dataset, including specific and general crop responses to light, was

provided in Table 3 to facilitate discussion. Additional results, such

as leaf temperatures, leaf internal CO2, and economic feasibility of

cutting production, are presented in the Supplementary

Material File.
Crop growth, development, and
branch production

Plant and crop growth, development, and morphological

parameters were evaluated under different greenhouse lighting

conditions (Table 1) to characterize the overall plant quality,

aiming to produce plants for flower induction and plants for the

production of cuttings (stock plants).

Greenhouse lighting from ~18 to 52 mol m-2 d-1 led to linear

increments in fresh mass, dry mass, number of nodes, internode

length reduction, stem diameter, leaf area index (LAI), and

branches (Table 3, Figures 1–4). In addition, increases in light

intensity led to quadratic increments in specific leaf weight (SLW).

Notably, under solar and supplemental light intensities between

~700 and 2000 μmol m-2 s-1 (Supplementary Figure S3B), along

with an LAI expansion from 0.04 (initial leaf area) to 4.4 m2 m-2

(Table 3), the vegetative growth of ‘Suver Haze’ did not exhibit a

growth saturation or light efficiency reduction (g mol-1) even when

exposed to an average DLI of 52 mol m-2 d-1. More specifically, the

crop’s dry mass linearly increased at a rate of 0.26 g mol-1 from 102

to 376 g m-2 (Figure 2A). In a similar way, the LAI linearly increased

from 2.1 to 4.4 m2 m-2 (Figure 2B; Table 3). Furthermore, higher

DLIs and LAIs were generally accompanied by increased SLW

(specific leaf weight) and top-leaf metabolite concentrations per

area (Table 3).

Despite differences in light quantity and quality (Tables 1, 2),

the internode length and plant height exhibited marginal or non-

significant responses to the light treatments (Table 3; Figure 3). On

the other hand, the numbers of primary, secondary, and total

branches linearly increased with more light. However, branching

rates displayed a significant contrast; primary branches registered a

rate of 0.04 branch mol-1 m-2, while secondary branches exhibited a

substantially higher rate of 0.36 branch mol-1 m-2 (Figure 4) with

the increase in light intensity. This difference highlighted the

branching dynamics in response to light, with secondary branches

surpassing primary branches by nine times.

In conclusion, all the results and their statistical analyses

support our hypothesis that increments in the cumulative light

dosage would elicit an increase in plant growth and the number of

branches. In addition, there was no evidence of light saturation.
Crop water use and efficiency

The water usage (evapotranspiration in 21 days) and water use

efficiencies (WUE) to produce shoots and branches were quantified

from ~18 to 52 mol m-2 d-1 (DLI). Light supplementation linearly

increased the cumulative crop evapotranspiration from 39.8 to 70.6
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liters (L) per square meter (m-2) (Figure 5A). Simultaneously, the

pot evaporation was measured at 20.9 L m-2, representing

transpiration rates between ~48 to 70% of the evapotranspiration.

Despite higher water losses under more light, the shoot WUE

increased linearly from 2.7 to 4.2 g L-1 by increasing the

supplemental lighting (Figure 5B).

At the branch level, the WUE varied based on the type of

branches (Figure 5C) and the branch response to the light

(Figure 4). For instance, the WUE of primary branches was

reduced with light augmentation (Figure 5C) because of the lower

degree of light-level dependency of primary branches (Figure 4).
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However, the increase of light substantially enhanced the WUE of

secondary branch production, elevating it from 2 to 5 branches per

liter (Figure 5C). This improvement can be attributed to the more

pronounced impact of light on secondary branches compared to its

influence on primary branches. Consequently, the combined results

of WUE for total branches, primary plus secondary branches,

suggest a reduced but still considerable effect by the light

augmentation, with WUEs from 5.5 to 7.3 for total branches per

liter of water (p=0.06, Figure 5C; Table 3). Nevertheless, the water

needs for cutting production can exhibit significant variability,

ranging from approximately 14 to 19 liters of water for every 100
TABLE 3 Mean ± standard deviation for whole canopy and ratios of Cannabis sativa ‘Suver Haze’ at four cumulative solar and LED lighting levels in 21
days (∑PPFD).

∑PPFD
(mol m-2)

Shoot
fresh mass
(g m-2)

Shoot dry
mass (g m-2)

Water per
dry mass (g g-1)

Stems (%) Leaves (%)

376 ± 49 602 ± 73 102 ± 14 4.9 ± 0.1 37 ± 2 63 ± 2

625 ± 08 956 ± 87 161 ± 19 5.0 ± 0.2 38 ± 2 62 ± 2

829 ± 59 1281 ± 114 223 ± 20 4.8 ± 0.0 39 ± 1 61 ± 1

1088 ± 55 1610 ± 273 284 ± 56 4.7 ± 0.1 40 ± 1 60 ± 1

L L L L L

∑PPFD
(mol m-2)

Main
stem

height (cm)

N° of nodes on
the main stem

Internode
length (cm)

Main stem
diameter (mm)

LAI
(m2 m-2)

SLW
(g m-2)

376 ± 49 52.0 ± 3.8 17 ± 1 3.11 ± 0.06 7.4 ± 0.2 2.1 ± 0.2 31.3 ± 0.7

625 ± 08 55.3 ± 0.9 18 ± 0 3.08 ± 0.10 8.9 ± 0.1 2.8 ± 0.3 35.1 ± 1.1

829 ± 59 57.9 ± 2.9 19 ± 1 3.08 ± 0.20 10.3 ± 0.5 3.6 ± 0.3 37.7 ± 1.2

1088 ± 55 55.9 ± 1.4 20 ± 1 2.85 ± 0.14 11.1 ± 0.9 4.4 ± 0.7 38.6 ± 0.7

NS L L L L Q

∑PPFD
(mol m-2)

Total
branches

m-2

1° branches
m-2

2° branches
m-2

Chlorophyll
index

Flavonol
index

Anthocyanin
index

376 ± 49 218 ± 70 136 ± 9 81 ± 61 32.2 ± 1.1 1.11 ± 0.03 0.122 ± 0.004

625 ± 08 287 ± 29 142 ± 9 145 ± 26 33.7 ± 1.0 1.26 ± 0.02 0.128 ± 0.002

829 ± 59 390 ± 34 160 ± 2 230 ± 32 36.1 ± 1.2 1.39 ± 0.03 0.138 ± 0.002

1088 ± 55 508 ± 37 164 ± 11 344 ± 34 35.9 ± 1.0 1.43 ± 0.07 0.144 ± 0.006

L L L L Q L

∑PPFD
(mol m-2)

Water use
(L m-2)

WUEShoot
(g L-1)

WUETotal branches
(Branch L-1)

WUE1° branches

(Branch L-1)
WUE2° branches

(Branch L-1)

376 ± 49 39.8 ± 3.4 2.6 ± 0.3 5.5 ± 1.7 3.4 ± 0.3 2.2 ± 1.2

625 ± 08 51.1 ± 9.5 3.2 ± 0.5 5.8 ± 1.4 2.9 ± 0.7 2.9 ± 0.8

829 ± 59 58.7 ± 3.8 3.8 ± 0.5 6.7 ± 0.9 2.7 ± 0.2 3.9 ± 0.7

1088 ± 55 70.6 ± 10.3 4.1 ± 0.9 7.3 ± 1.4 2.4 ± 0.5 5.0 ± 0.9

L L NS (p=0.06) L L
Results in square meter (m2) can be expressed in plant basis by dividing them by density (10.8 plant m-2). Shoot = leaf and stem biomass. LAI, leaf area index; SLW, specific leaf weight; 1° and 2°:
primary and secondary; WUE, water use efficiency. % are on shoot biomass basis.
L and Q (p<0.05) for linear (L) and quadratic (Q) terms in linear regression analysis; NS (p≥0.05). In all cases, N=12, n=3, and the number of observational units varied, as described in Material
and Methods.
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cuttings for highly efficient growers who utilize all available

branches to approximately 20 to 50 liters of water for every 100

cuttings for those who selectively employ smaller or larger caliper

cuttings (Figure 5D).
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Leaf photosynthesis, pigments, stomata,
transpiration, and WUE

Top leaves of plants grown under ~18 and 52 mol m-2 d-1 (DLI)

were subjected to a range of short-term light intensities from 150 to

2000 μmol m-2 s-1 (PPFD) to analyze the impact of long-term

greenhouse lighting (DLI) on net photosynthesis, transpiration,

stomatal conductance, and leaf WUE. Additionally, chlorophyll,

flavonol, and anthocyanin indexes (light pigments) were quantified.
A

B

FIGURE 2

Shoot dry mass (A) and leaf area index (B) responses under four
greenhouse cumulative light levels (sunlight plus supplemental LED
light). PPFD represents photosynthetic photon flux density. p-values
of the slopes (0.26 g m-2 and 0.003 m2 m-2) from linear regression
analyses. Dots and error bars represent the mean and standard
errors for each light treatment group, respectively. In all cases,
N=12, n=3, and OU=3 plants per plot.
FIGURE 1

Plot or zone representative Cannabis sativa ‘Suver Haze’ plants grown in a greenhouse after 20 days of four supplemental LED light levels (151, 300,
501, and 703 μmol m-2 s-1). Numbers represent the cumulative PPFD and [average DLI] from the LED treatment and sunlight in 21 days at the top of
the canopy.
FIGURE 3

Plant heights on different days after planting in the greenhouse for
four average daily light integrals (DLI) expressed in mol m-2 d-1.
Every mark represents the average of 18 plants per date, and bars
are the standard error from 3 plots (N=12, n=3, OU=6 plants per
plot and date). For each date, linear regression and ANOVA
indicated no differences in height from additional lighting (p≥0.075)
or between specific light levels (p≥0.139), respectively. Therefore,
the overall predictor model based only on days after planting is
14.08+((69.20-14.08)/(1+e-0.25*(Day-69.20))) with R2 0.983.
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The leaf photosynthetic rates (A) of plants grown under 18- and

52-DLI treatments increased even under 2000 μmol m-2 s-1, but the

increments in A with more PPFD were dimmed and only 6.2 ± 1.9%

(mean ± SD) higher in 2000 than in 1600 μmol m-2 s-1 for both DLI

treatments (p<0.001). As a reference, the average proportional

increments in A (and PPFD) based on 2000 μmol m-2 s-1 were

14% (150), 30% (300), 51% (500), 66% (700), 79% (1000), 87%

(1300), 94% (1600), and 100% (2000). Furthermore, small

photosynthetic differences between DLI treatments were observed

under low and high PPFDs; for instance, 52-DLI leaves exhibited

higher photosynthetic rates when exposed to short-term PPFDs

exceeding 1300 μmol m-2 s-1, but photosynthesis was higher under

18-DLI leaves when PPFDs dropped below 500 μmol m-2 s-1

(Figure 6A). Additionally, leaves grown under 52 mol m-2 d-1

presented higher concentrations of photosynthetic (chlorophylls)

and non-photosynthetic pigments (flavonols and anthocyanins)

compared to 18 mol m-2 d-1 (Table 3).

Unlike photosynthesis, leaf transpiration (E) and stomatal

conductance (gsw) increased linearly with PPFD (Figures 6B, C).

However, increments in stomatal and transpiration rates were not

proportional to the light levels. For example, the transpiration rate

per photon of light under 2000 μmol m-2 s-1 was 7.3 times lower

than at 150 μmol m-2 s-1 or 2.9 vs 21.3 μmol H2O μmol photon-1,

respectively. Furthermore, despite the raised gsw and E with short-

term increments in PPFD, there were no statistical differences by

long-term light levels, 18 vs. 52 mol m-2 d-1 (p ≥.29; Figures 6B, C).
Frontiers in Plant Science 08140
In concordance with the cropWUE, the leaf WUE of upper leaves,

or A/E, increased up to a PPFD of 700 μmol m-2 s-1 (p<0.001);

differences in WUE were not statistically significant from 700 to 2000

μmol m-2 s-1 (a=0.05). Moreover, the main DLI effect (~18 vs. 52 mol

m-2 s-1) on leaf WUE or the interaction DLI*PPFD was not statistically

significant (a=0.05). Therefore, there was no evidence to support this

study’s second hypothesis: Leaves of cannabis plants cultivated under

an elevated DLI would display higher WUE due to increased

photosynthetic rates than their counterparts exposed to a lower DLI

when leaves were evaluated under high PPFDs.
Discussion

Crop growth and development under
greenhouse lighting and its effects on
water use efficiency

Light effects and DLI recommendations on plant
growth and production

The effects of light on plant growth can exhibit substantial

variation across plant species, cultivars, developmental stages, and

environmental factors, including plant nutrition, water availability,

light intensity, and spectra. This variance stems from the diverse

photosynthetic capacities inherent to different species, as well as the

intricate interplay of multiple environmental factors (Boyer, 1970;

Penning de Vries et al., 1989; Rosati and Dejong, 2003; Zhao et al.,

2003; Weaver and Van Iersel, 2020). For instance, cultivating crops

under identical DLI values but with lower light levels and extended

photoperiods can lead to equivalent or even heightened daily growth.

This is attributed to the enhanced efficiency of photosynthesis at both

the leaf level (Weaver and Van Iersel, 2020) and the crop level (Hui

et al., 2001). Furthermore, light wavelengths outside the

Photosynthetically Active Radiation (PAR) range, 400 – 700 nm,

can significantly influence growth and development. Far-red light

(700 to 800 nm), for instance, promotes leaf expansion and

photosynthesis in the 700-750 nm range (Zhen et al., 2021). In

light of these findings, an extended PAR range (ePAR) from 400 to

750 nm has been proposed to account for photosynthesis

enhancements (Zhen et al., 2021). Therefore, due to the complex

interplay of these factors, comparing and adopting light levels across

different situations is challenging and should ideally be confined to

the specific conditions under evaluation. Nevertheless, for general

reference, we provide a comparison with other cannabis studies,

crops, and indoor systems employing the conventional DLI range

(DLI 400-700nm) while offering the extended range values as a

reference (Table 1).

Within the realm of cannabis cultivation, this study, as well as

prior investigations employing exclusive LED lighting sources

(Moher et al., 2021; Rodriguez-Morrison et al., 2021), provides

compelling evidence to classify cannabis among the most elevated

lighting requiring crops. For comparison, optimal lettuce

production is associated with a maximum of 17 mol m-2 d-1 for

marketable leaf growth, with higher light levels potentially leading

to increased biomass but also an elevated risk of leaf tip burn
FIGURE 4

The number of branches developed on the main stem (primary
branches) and on the primary branches (secondary branches), and
the total number of branches (primary and secondary branches) for
four greenhouse cumulative light levels (sunlight plus supplemental
LED lighting). PPFD represents photosynthetic photon flux density,
and the lines represent the regression equations for the primary
(Y=119.7 + 0.04235*X; R2 0.67), secondary (Y=-59.94 + 0.3647*X;
R2 0.84), and total branches per square meter (Y=59.72 + 0.407*X;
R2 0.85). In all cases, the p-values of the linear regression slopes
were statistically significant (≤0.001). Dots, stars, and squares
represent the means, and error bars represent standard errors for
each light treatment group. In all cases, N=12, n=3, and OU=3
plants per plot.
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(Both, 2002). High-light greenhouse crops like tomatoes and

cucumbers require at least 30 mol m-2 d-1 for optimal yields and

fruit quality (Dorais et al., 2017), although significant research into

higher light levels may not have been pursued due to economic

feasibility constraints for production (van Iersel and Gianino, 2017).

In corn breeding, supplemental greenhouse lighting is recommended

to reach up to 750 μmol m-2 s-1 or ≥38 mol m-2 d-1, depending on the

photoperiod, while corn research in chamber conditions employs as

much as 1000 μmol m-2 s-1 or 58 mol m-2 d-1 (Eddy and Hahn,

2010). Remarkably, indoor farming studies have shown that

cannabis crops can utilize 82 mol m-2 d-1 for shoot growth (Moher

et al., 2021) and 78 mol m-2 d-1 for flower production (Rodriguez-

Morrison et al., 2021).

Despite growth increments in the vegetative stage of cannabis

under high light, the light-to-biomass conversions in Moher et al.

(2021) were lower than in our study. For instance, the biomass

yield in the Moher et al. (2021) study was 246 g m-2 with 52 mol

m-2 d-1, and it increased to 271 g m-2 with 82 mol m-2 d-1. In

contrast, our study yielded an average of 285 g m-2 with 52 mol m-

2 d-1 (eDLI: 53; Table 1) and showed no indications of light

saturation (Figure 2A); importantly, both studies shared a

consistent 21-day timeframe, facilitating a valid DLI-based

comparison. It is plausible that the improved greenhouse study

result in our research could be attributed to differences in plant

genetics (Vanhove et al., 2012; Suchoff et al., 2021), light spectra

(Lalge et al., 2017; Zhen et al., 2021), temperature conditions

(Chandra et al., 2008, 2011), and/or the effects of water and

fertilizer supply. Nevertheless, it is evident that further research

into cannabis cultivation and production conditions is necessary

to gain a deeper understanding and achieve consistent maximum

yields and product quality.
Light effects on LAI
In this investigation, plants were uniformly spaced at intervals

of 30.5 cm, resulting in a plant density of 10.8 plants per square

meter. In crop production, manipulating plant densities is a

strategy to optimize yields and cost-efficiency by capitalizing on

resource utilization and enhancing the efficacy of lighting, cooling,

and heating per unit area. For instance, elevating plant density

leads to an early expanded leaf canopy and improved light

interception capacity. Moreover, an optimal leaf area is key to

increasing crop photosynthesis and water use efficiency (Hui et al.,

2001). However, an excessive plant density does not necessarily

translate to increased yields, as seen in cannabis cultivation

(Vanhove et al., 2012). The Leaf Area Index (LAI) assesses light

interception and quantifies the total leaf area relative to the

ground area (m2 m-2). Previous research across multiple plant

species has consistently reported that an LAI in the range of 3 to 4

intercepts approximately 95% of the incident light, whereas an

LAI of 2 captures roughly 80% (Shibles and Weber, 1965; De

Visser et al., 2007; Brodrick et al., 2013; Tabarzad et al., 2016).

Given that an LAI of 3 to 4 represents an optimal threshold for

light capture, and values exceeding four may not confer any

significant advantages in terms of light interception (De Visser

et al., 2007; Brodrick et al., 2013; Tabarzad et al., 2016) and growth
A

B

D

C

FIGURE 5

(A) The total evapotranspiration or ET (black solid line) and
evaporation (black dashed line) in liters per square meter, (B) the
plant-crop water use efficiency in grams of dry mass per liter of
evapotranspired water, (C) the WUE for primary, secondary, and all
branches, and (D) the water needs for 100 cuttings while increasing
the greenhouse supplemental light levels. All values are for 21 days
of greenhouse production, and PPFD represents photosynthetic
photon flux density. For data in panels (A–C), the linear regression
fitting equations, R2, and p-values of the equation slopes are (A)
ET=23.79 + 0.0429*X, 0.77, p<.01, (B) plant WUE=1.83 + 0.0022*X,
0.58, p<.01, and (C) Tb-WUE=4.31 + 0.0028*X, 0.29, p=.06, Pb-
WUE=3.91 -0.0014*X, 0.49, p=.01, Sb-WUE=0.41 + 0.0042*X, 0.62,
p<.01. Dots and error bars represent the mean and standard errors
for each light treatment group, respectively. In all cases, N=12, n=3,
and OU=1-2 load-cell readings per plot for evapotranspiration and 3
plants per plot for biomass and branches.
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(Shibles and Weber, 1965), growers are likely to enhance

production efficiency by adjusting plant spacing when the LAI

surpasses four. Consequently, for a duration exceeding 21 days

and high-light conditions like those presented in this study

(leading to an LAI of 4.4), plant density could be reduced or

branches trimmed while still maintaining a critical light

interception of around 95%. Conversely, for crops subjected to

lower light levels (Figures 1, 2B), pruning for harvesting cuttings

or conducting formative pruning for flower production may have

a negative impact on the LAI and plant growth.
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Light effects on plant height and
internode elongation

Responses of plant height in conjunction with internode

extension are key to understanding whether the plant stretches

mainly because of growth or to compete for more light, triggering

shade avoidance syndrome or SAS (Kump, 2020).

In this study, the combination of light quantity and quality

(Tables 1, 2), did not lead to significant changes in plant height

across various light treatments (Figures 1, 3). Still, the light level and

spectrum affect SAS responses (Kump, 2020), and perhaps they

limited the observed differences in plant height in this study. For

example, the lower light condition treatments may have contributed

to some stem and internode extensions and vice versa. Furthermore,

lower red to far-red ratios have increased stem length in several

plant species (Demotes-Mainard et al., 2016). For example, in

cucumber and lettuce, stem elongation was only significant when

far-red light exceeded 9% at a DLI of 11.5 mol m-2 d-1, while the

effects were marginal under 29 mol m-2 d-1 (Kusuma and Bugbee,

2023). In the present cannabis study, the daily average far-red

ranged from 8% to 3% across DLIs of 18 to 52 mol m-2 d-1.

Therefore, significant light spectrum effects would not be expected.

The overall findings and data suggest that the specific light

conditions implemented (as outlined in Tables 1 and 2) had only a

minor influence on plant height and internode length. These

characteristics would be more substantially influenced by plant

genetics and developmental factors than light intensity for cannabis.

Light effects on branching and development
Cannabis branches are fundamental in enhancing cutting

production and supporting flowers. To assess the impact of light

quantity on branch development, the total number of branches was

measured and categorized into two groups: primary branches,

which develop directly on the main stem, and secondary

branches, which sprout from primary branches. The formation,

dormancy, and outgrowth of buds that will give place to new stems,

leaves, flowers, and branches are regulated by external and internal

factors such as genetics, apical dominance, photoperiod,

temperature, nutrition, and the amount and quality of the light,

among others (Lortie and Aarssen, 1997; Cooke et al., 2012; Leduc

et al., 2014). Among those factors, increasing the quantity of light

plays a crucial role in reducing SAS responses like internode

extension and axillary bud dormancy, while promoting bud

outgrowth and overall growth in various species (Gommers et al.,

2013; Leduc et al., 2014). Furthermore, the striking similarities in

the main stem heights (Figure 3) and differences in primary and

secondary branches (Figure 4) suggest that photochemical resources

were strongly prioritized and influenced by the main apical

meristem. The impact of this effect can be so pronounced that, in

certain species or under specific growth conditions, the strong

control of branching by the shoot apex may only cease upon

removal (Lortie and Aarssen, 1997). Notably, in our study,

cannabis branching proliferation was effectively achieved from

~18 to 52 mol m-2 d-1 (Figure 4) while maintaining a water and

nutrient supply upon plant demand.
A

B

C

FIGURE 6

(A) Net photosynthetic rates or A, (B) transpiration rate or E, and (C)
stomatal conductance or gsw of leaves adapted to greenhouse DLI
levels of ~18 or 52 mol m-2 d-1. Young, fully expanded, and light-
exposed leaves from both DLI treatments were evaluated at PPFDs
of 150, 300, 500, 700, 1000, 1300, 1600, and 2000 μmol m⁻² s⁻¹
(Blue 18% and Red 82%) using a Li-6800 + 6800-01A. Asterisks
indicate differences between the two DLI treatments at each PPFD
level by one (*) or two (**) tailed T-tests (a 0.05). Split-plot analysis
for E and gsw (factors: DLI, PPFD, Time of the day, and DLI*PPFD)
indicates differences only because of the PPFD (p <0.001). The E
and gsw linear equations (solid lines) are 2.984e-3 + 1.45e-6*PPFD
and 0.3715 + 1.16e-4*PPFD, respectively. Dots and squares represent
the mean, and error bars represent the standard errors for each DLI-
PPFD combination. In all cases, N=6, n=3, and OU=1 leaf per plot.
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Light effects on crop water use and efficiency
The effects of increased supplemental lighting on water use and

water use efficiency (WUE) were investigated to understand how

water is used at a whole plant and production unit (cutting) in a 21-

day production cycle. The primary increases in crop WUE observed

in the present study are likely attributed to the pronounced benefits of

enhanced photosynthesis at both leaf and crop levels, outweighing the

potential drawbacks of increased transpiration under increasing

lighting conditions. The increment in WUE at the crop level

correlated with higher WUE at the leaf level, which is discussed

later in this study. The findings of this study are corroborated by prior

research conducted on greenhouse-grown sunflowers, wherein

continuous measurements of crop photosynthesis and water use

were undertaken under greenhouse solar conditions. In this

previous study, it was observed that crop WUE throughout the day

aligned closely with solar radiation levels, with peak values coinciding

with the highest levels of solar radiation and photosynthesis (Hui

et al., 2001).

Despite the correlations observed between branches and WUE

(Figure 5C), it is imperative to note that the improvement in water

efficiency is likely primarily attributable to impacts on photosynthesis

and transpiration rather than the specific type of branches.

Crop water use and efficiency in cutting and
flower production

Currently, there exists no standardized protocol for growers and

researchers to systematically select the most optimal branch for

propagating cuttings. Instead, cutting selection predominantly

relies on individual preferences. In order to address the various

potential scenarios, Figure 5D elucidates the relationship between

branch selection and water usage under different light conditions.

Based on these findings, on average, a nursery crop operating under

conditions similar to those in this study is anticipated to require

between 20 and 33 liters of water for every 100 cuttings, assuming

that primary branches are mainly used to produce cuttings from

secondary branches. Moreover, it’s noteworthy that the water

demand per cutting is projected to be higher under lower

greenhouse lighting levels (<18 mol m-2 d-1).

For flower producers, the shoot WUE results imply that to grow

the same shoot biomass in 21 days, growers need 0.37 L g-1 under

18 mol m-2 d-1 of light and only 0.24 L g-1 under 52 mol m-2 d-1, a

35% water reduction in evapotranspiration. Similar effects were

found in a greenhouse hydroponic lettuce crop that transpired

about 0.5 L g-1 under 8 mol m-2 d-1 and 0.27 L g-1 under 22 mol m-2

d-1, a 46% water reduction in transpiration (Both, 2002).
Influence of greenhouse supplemental
lighting on photosynthesis, stomatal
conductance, transpiration in leaves, and
their interconnection with Water
Use Efficiency

Anatomical and physiological leaf characteristics change based

on the prevailing light environment (Chabot and Chabot, 1977;
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Feng et al., 2019). Leaf photosynthesis (A), stomatal conductance to

water vapor (gsw), and transpiration (E) are integral to

understanding growth and water usage and efficiency at the leaf

level while helping elucidate the broader responses at the crop level.

Photosynthetic responses and significance
This study’s results align with similar findings reported for

cannabis cultivation under sole-source LED lighting, which

exhibited stronger photosynthetic responses and DLI variations

(Rodriguez-Morrison et al., 2021). Furthermore, higher leaf

maximum-A capacities, as seen in this study and Rodriguez-

Morrison et al. (2021), are expected under light augmentation due

to increments in leaf weight per area (Penning de Vries et al., 1989).

Thicker or denser leaves can produce more RuBisCO (Penning de

Vries et al., 1989) and chlorophyll in the same area (Table 3),

potentially increasing photosynthesis (Emerson, 1930). On the

other hand, higher respiration rates, driven by the elevated

biomass and metabolite levels per area (Table 3), may provide an

explanation for the lower net photosynthetic rate observed in

thicker leaves in cannabis research. In summary, our leaf

photosynthetic rates results support the remarkable crop yield

increments even at maximum greenhouse radiances of ~2000

μmol m-2 s-1 (Supplementary Figure S3B).

Stomatal and transpiration responses
and regulation

In this study, the observed rise in E with increased light

intensity was attributed to the increased stomatal conductance

(gsw). Typically, a higher gsw is linked to either a reduction in leaf

internal CO2 concentration (Ci) or an enhancement in

photosynthesis (A) through light supplementation (McAusland

et al., 2016; Driesen et al., 2020). However, despite the linear

increase in gsw with light intensity, the responses of A and Ci did

not parallel the stomatal conductance trend observed in our study

(Figures 6C, A; Supplementary S4A).

The linear response in gsw compared to the plateau response of A

could be explained by additional mechanisms affected by light other

than Ci reduction or photosynthesis enhancement. For instance, blue

and red radiation is mentioned as direct influencers on guard-cell water

status (Driesen et al., 2020), while shortwave radiation, encompassing

most or all solar wavelengths, demonstrated an impact on leaf water

status (Lawson et al., 2010; Pieruschka et al., 2010). Pieruschka et al.

(2010) proposed a regulatory mechanism where the balance between

radiation-driven water vapor production and transpiration rate

governs stomatal conductance. Moreover, their observations found

no specific wavelength effects, establishing only a linear correlation

between stomatal conductance and absorbed radiation energy. Another

factor affected by radiation is leaf temperature, a pivotal influence in

stomatal conductance. Feller (2007) and Urban et al. (2017)

demonstrated significant increments in stomatal aperture across

temperatures ranging from ~20°C to over 40°C. Moreover, these

increments persisted despite reductions in A and water potential and

an increase in Ci (Urban et al., 2017). In the present cannabis study,

results showed marginal leaf temperature differences (26.1 ± 0.17 to

26.9 ± 0.35°C) when elevating the PPFD from 150 to 2000 μmol m-2 s-1
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(Supplementary Figure S4B). In conclusion, light can affect

photosynthesis and transpiration differently and may act on the

stomatal aperture via various mechanisms.

High stomatal conductance and water loss at low
radiation levels

Our study found considerably higher E and gsw values per

photon of light at lower PPFDs than at higher light intensities, as

previously shown in the result section. Moreover, leaf transpiration

at 150 μmol m-2 s-1 constituted a noteworthy 57% of the total water

loss found under 2000 μmol m-2 s-1 (Figure 6B). This can be

explained by reports across diverse species (Hui et al., 2001; de

Dios et al., 2015; Dayer and Gambetta, 2021; Dayer et al., 2021) that

suggest rapid and excessive increments in stomatal opening at low

light or in the absence of light, which can increase water losses.

Furthermore, data from different species, spanning ferns,

gymnosperms, and angiosperms, also revealed that at very low

light levels (50 μmol m-2 s-1), stomatal conductance constituted

between ~16% to 64% of the aperture at 1000 μmol m-2 s-1 (Deans

et al., 2019). These results also align with increments above typical

nighttime transpiration rates of 5% to 15% (Caird et al., 2007).

Moreover, the observed rapid and predawn stomatal aperture

increments have been associated with specific wavelengths

(Lawson et al., 2010) and circadian regulation (de Dios et al.,

2015; Dayer et al., 2021), while stomatal conductance did not

correlate with photosynthesis at low light (Deans et al., 2019).

The benefits of enhancing supplemental lighting
on leaf transpiration

In addition to increasing photosynthesis, enhancing

supplemental lighting strongly reduced the water use per photon of

light. These findings align with the broader context of light effects on

stomatal conductance observed across various species (Deans et al.,

2019), as previously discussed. Additionally, similar trends in crop

transpiration have been documented in beans and cotton subjected to

maximum PPFDs of 500 and 1500 μmol m-2 s-1. Notably, nocturnal

water losses constituted 23% and 12% of daytime requirements under

lower and higher PPFDs, respectively (de Dios et al., 2015). These

results suggest that optimizing lighting conditions can significantly

mitigate the impact of both night-time and day-time water losses.

Stomatal slow response implications
Stomatal conductance and transpiration exhibited linear

increases by increasing PPFD, as detailed earlier. However, the

absence of statistical evidence for DLI effects between 18 and

52 mol m-2 d-1 was unexpected. It is plausible that the lack of

statistical differences is linked to the substantial variability in

transpiration and stomatal conductance due to the interaction of

our procedure’s sampling speed and stomatal acclimation periods

(Lawson and Blatt, 2014; McAusland et al., 2016). Nevertheless, the

information and results reviewed emphasize the complex interplay

between direct and indirect light effects on guard cells, transpiration,

and physiological dynamics, contributing to notable increases in gas

exchange within the context of our research. Additionally, it is

noteworthy that cannabis leaf temperatures remained similar to or
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below an air temperature of 27°C. This observation suggests that

transpiration rates were sufficient to maintain optimal metabolic

functions without the risk of overheating (Feller, 2007; Nelson and

Bugbee, 2015). Our investigation revealed no physiological

constraints on stomatal conductance and transpiration, even under

the more demanding conditions of ~2000 μmol m-2 s-1 of actual

greenhouse LED lighting and solar radiation (unshown data). This

and previous research stress the robustness of optimal cannabis

growth under high-light environments.
The impacts of short and long-term lighting
exposure on leaf water use efficiency

The leaf WUE of upper cannabis leaves remarkably increased as

a consequence of the curvilinear and linear responses observed for

photosynthesis and transpiration (Figures 6A, B, and 7). Consistent

with our findings, Deans et al. (2019) reported a substantial increase

in intrinsic WUE (A/gsw) under elevated lighting conditions across

species, which was driven by a more pronounced increase in

photosynthesis than stomatal conductance. In our study, there

was weaker evidence indicating that the leaf WUE of the 52-DLI

treatment might surpass that of the 18-DLI WUE under light levels

of 1000 μmol m-2 s-1 or higher (p-values >0.05 to 0.09); however, at

a 0.05, the statistical support was not robust enough to substantiate

our hypothesis that leaves developed under the 52-DLI treatment

exhibit higher WUE than leaves under the 18-DLI treatment.

In conclusion, the observed increase in crop WUE with higher

lighting, consistent with other species, lighting conditions (Hui et al.,

2001; Both, 2002; de Dios et al., 2015), and supported by increments

in leafWUE across various cannabis cultivars (unpublished data) and

fifteen different species (Deans et al., 2019), suggests a potential for

elevated WUE and yield in unstressed crops exposed to increased

lighting conditions.
Spectral differences between treatments

In the current study, variations in light intensity among

treatments were achieved through incremental adjustments in

blue and red LED lighting, while similar solar radiation was

maintained across treatments (Table 1). Consequently, this led to

an augmentation in the proportion of blue and red wavelengths

relative to other spectrums within the greenhouse solar spectrum. It

is noteworthy that differences in the spectral composition of

electrical lighting can significantly impact plant physiology,

morphology, and growth in growth chambers (Spalholz et al.,

2020) and under conditions of low sunlight, 3-5 mol m-2 d-1

(Hernández and Kubota, 2014; Collado and Hernández, 2022).

While prior research has demonstrated substantial effects of

supplemental light spectrum variations under very low sunlight

conditions, the impact diminished under higher solar DLIs, ~12-16

mol m-2 d-1, in tomatoes and cucumbers (Hernández and Kubota,

2014; Kaiser et al., 2019). Furthermore, the influence of changing

light quantity from 11.5 to 29 mol m-2 d-1 was more pronounced on

the biomass of seven primary agricultural crops in growth chambers

than alterations in light spectrum (blue, green, and red wavelength
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ranges: 10.8-27.5%, 1.7-48.0%, and 24.5-86.3%, respectively; a

phytochrome photo-equilibrium (PPE) range: 0.83-0.89; Snowden

et al., 2016). Similarly, the impact of increasing DLI from 8.7 to

19.7 mol m-2 d-1 outweighed the effects of modifying the blue and

red light ratios in cucumbers (Hernández and Kubota, 2014). In our

cannabis research, light exposure ranged from 17.9 to 51.8 mol m-2

d-1, while spectrum and PPE ranges (Table 2) were similar to

those discussed.

In summary, this experiment does not provide evidence to

suggest that spectral differences between treatments significantly

influenced plant responses under greenhouse supplemental lighting

conditions. Instead, the variations in plant responses can be primarily

attributed to the differences in total Photosynthetic Photon Flux

Density (∑PPFD). Overall, these findings imply that the effects of light

spectrum variations may be relatively smaller, especially in the

presence of a complete light spectrum, such as solar radiation.
Conclusions

Enhancing supplemental lighting promoted increased

photosynthesis and played a pivotal role in shaping the water use

dynamics in cannabis leaves and crops. Most importantly, it could

potentially enhance theWUE of most crops while promoting growth.

Our findings emphasize the capacity of lighting management to

optimize water use efficiency while presenting valuable implications

for both research and practical applications in agriculture.

For instance, stakeholders in cannabis nurseries, flower

production, and research settings can substantially improve plant

growth, yield, and water use efficiency by incorporating

supplemental lighting. Specifically, our study indicates a linear
Frontiers in Plant Science 13145
growth response within the range of ~18 to 52 mol m-2 d-1,

suggesting that DLIs exceeding 52 mol m-2 d-1 could further

enhance cuttings and plant growth and surpass existing literature

expectations. It is crucial to highlight that these results and

expectations are based on meticulous control of water, nutrients,

and other growth factors and genetics. In this study, Cannabis

sativa cv Suver Haze was employed and represents an average-

performing cultivar (Suchoff et al., 2021), suggesting that genetic

variability may increase or decrease the number of branches and

overall plant growth per mole of light.

This study demonstrated notable increases in leaf and crop WUE

with elevated light levels while enhancing CO2 assimilation.

Historically, improving WUE without compromising production

has been challenging, particularly considering the dependence of

photosynthesis on stomata (Lawson and Blatt, 2014; Xing et al.,

2022). Furthermore, studies on CO2 enrichment (Hui et al., 2001)

and elevated atmospheric CO2 (Guerrieri et al., 2019) have also

reported improvements in WUE; in alignment with the findings on

light supplementation, the enhanced photosynthesis was found to be

the main contributing factor. Ultimately, there is evidence showing

that the combination of light and CO2 enrichment can lead to even

greater enhancements in water use efficiencies (Hui et al., 2001).
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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 Visser, P., van der Heijden, G., and Heuvelink, E. (2007) 3D Modelling of growth and
ornamental quality of chrysanthemum at different plant densities. Available online at: https://
www.researchgate.net/publication/40101200_3D_Modelling_of_growth_and_ornamental_
quality_of_chrysanthemum_at_different_plant_densities (Accessed January 7, 2024).

Dieter, C. A., Maupin, M. A., Caldwell, R. R., Harris, M. A., Ivahnenko, T. I.,
Lovelace, J. K., et al. (2018). Estimated use of water in the United States in 2015. U.S.
Geological Survey 6–8. doi: 10.3133/cir1441

Dorais, M., Mitchell, C. A., and Kubota, C. (2017). ““Lighting greenhouse fruiting
vegetables,”,” in Light management in controlled environments. Eds. R. Lopez and E. S.
Runkle (Meister Media Worldwide, Willoughby, OH: Meister Media: Willoughby),
159–169, ISBN: .

Driesen, E., Van Den Ende, W., De Proft, M., and Saeys, W. (2020). Influence of
environmental factors light, CO2, temperature, and relative humidity on stomatal opening
and development: A review. Agronomy 10, 1975. doi: 10.3390/agronomy10121975

Eddy, R., and Hahn, D. T. (2010). Optimizing greenhouse corn production: what is
the best lighting and plant density? Purdue Methods Corn Growth 13.

Emerson, R. (1930). The chlorophyll factor in photosynthesis. Am. Nat. 64, 252–260.
doi: 10.1086/280314

Feller, U. (2007). Stomatal opening at elevated temperature: an underestimated
regulatory mechanism? Gen. Appl. Plant Physiol. 32, 19–31. doi: 10.7892/boris.53995

Feng, L., Raza, M. A., Li, Z., Chen, Y., Khalid, M. H. B., Du, J., et al. (2019). The
influence of light intensity and leaf movement on photosynthesis characteristics and
carbon balance of soybean. Front. Plant Sci. 9. doi: 10.3389/fpls.2018.01952

GAO (2014) Freshwater: supply concerns continue, and uncertainties complicate
planning (US Government Accountability Office). Available online at: https://www.gao.
gov/assets/gao-14-430.pdf (Accessed January 7, 2024).

Gommers, C. M. M., Visser, E. J. W., Onge, K. R. S., Voesenek, L. A. C. J., 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

Guerrieri, R., Belmecheri, S., Ollinger, S. V., Asbjornsen, H., Jennings, K., Xiao, J.,
et al. (2019). Disentangling the role of photosynthesis and stomatal conductance on
rising forest water-use efficiency. Proc. Natl. Acad. Sci. U.S.A. 116, 16909–16914.
doi: 10.1073/pnas.1905912116

Hatfield, J. L., and Dold, C. (2019). Water-use efficiency: advances and challenges in a
changing climate. Front. Plant Sci. 10. doi: 10.3389/fpls.2019.00103

Hernández, R., and Kubota, C. (2014). Growth and morphological response of
cucumber seedlings to supplemental red and blue photon flux ratios under varied solar
daily light integrals. Scientia Hortic. 173, 92–99. doi: 10.1016/j.scienta.2014.04.035

Hubick, K., and Farquhar, G. (1989). Carbon isotope discrimination and the ratio of
carbon gained to water lost in barley cultivars. Plant Cell Environ. 12, 795–804.
doi: 10.1111/j.1365-3040.1989.tb01641.x

Hui, D., Luo, Y., Cheng, W., Coleman, J. S., Johnson, D. W., and Sims, D. A. (2001).
Canopy radiation- and water-use efficiencies as affected by elevated [CO2]: Canopy
Radiation- And Water-Use Efficiencies. Global Change Biol. 7, 75–91. doi: 10.1046/
j.1365-2486.2001.00391.x

Idris, A., Linatoc, A. C., and Bakar, M. F. B. A. (2019). Effect of light intensity on the
photosynthesis and stomatal density of selected plant species of gunung ledang, johor.
Malays. Appl. Biol. 48, 133–140.
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2024.1371702/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1371702/full#supplementary-material
http://www.researchgate.net/publication/266453402_ten_years_of_hydroponic_lettuce_research
http://www.researchgate.net/publication/266453402_ten_years_of_hydroponic_lettuce_research
https://doi.org/10.1104/pp.46.2.236
https://doi.org/10.1016/j.fcr.2012.05.008
https://doi.org/10.1104/pp.106.092940
https://doi.org/10.1007/BF00345535
https://doi.org/10.1007/BF00345535
https://doi.org/10.1007/s12298-008-0027-x
https://doi.org/10.1007/s12298-011-0068-4
https://doi.org/10.1007/s00344-021-10306-5
https://www.statista.com/statistics/1108194/cannabis-cultivation-licenses-by-state-us/
https://www.statista.com/statistics/1108194/cannabis-cultivation-licenses-by-state-us/
https://doi.org/10.1111/j.1365-3040.2012.02552.x
https://archive.org/details/cannabissativaasaphytopharmaceutical
https://archive.org/details/cannabissativaasaphytopharmaceutical
https://doi.org/10.1111/pce.13923
https://doi.org/10.1111/pce.13923
https://doi.org/10.1111/pce.13923
https://doi.org/10.1111/nph.15572
https://newfrontierdata.com/product/the-global-cannabis-report-2021/
https://newfrontierdata.com/product/the-global-cannabis-report-2021/
https://doi.org/10.1038/srep10975
https://doi.org/10.1016/j.envexpbot.2015.05.010
https://www.researchgate.net/publication/40101200_3D_Modelling_of_growth_and_ornamental_quality_of_chrysanthemum_at_different_plant_densities
https://www.researchgate.net/publication/40101200_3D_Modelling_of_growth_and_ornamental_quality_of_chrysanthemum_at_different_plant_densities
https://www.researchgate.net/publication/40101200_3D_Modelling_of_growth_and_ornamental_quality_of_chrysanthemum_at_different_plant_densities
https://doi.org/10.3133/cir1441
https://doi.org/10.3390/agronomy10121975
https://doi.org/10.1086/280314
https://doi.org/10.7892/boris.53995
https://doi.org/10.3389/fpls.2018.01952
https://www.gao.gov/assets/gao-14-430.pdf
https://www.gao.gov/assets/gao-14-430.pdf
https://doi.org/10.1016/j.tplants.2012.09.008
https://doi.org/10.1073/pnas.1905912116
https://doi.org/10.3389/fpls.2019.00103
https://doi.org/10.1016/j.scienta.2014.04.035
https://doi.org/10.1111/j.1365-3040.1989.tb01641.x
https://doi.org/10.1046/j.1365-2486.2001.00391.x
https://doi.org/10.1046/j.1365-2486.2001.00391.x
https://doi.org/10.3389/fpls.2024.1371702
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Collado et al. 10.3389/fpls.2024.1371702
Jackson, P., Basnayake, J., Inman-Bamber, G., Lakshmanan, P., Natarajan, S., and
Stokes, C. (2016). Genetic variation in transpiration efficiency and relationships
between whole plant and leaf gas exchange measurements in Saccharum spp. and
related germplasm. EXBOTJ 67, 861–871. doi: 10.1093/jxb/erv505

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

Kump, B. (2020). The role of far-red light (FR) in photomorphogenesis and its use in
greenhouse plant production. Acta Agric. Slovenica 116, 93–105. doi: 10.14720/
aas.2020.116.1.1652

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

Lalge, A., Cerny, P., Trojan, V., and Vyhnanek, T. (2017). The effects of red, blue and white
light on the growth and development of Cannabis sativa L. MendelNet 24, 646–651.

Lawson, T., and Blatt, M. R. (2014). Stomatal size, speed, and responsiveness impact
on photosynthesis and water use efficiency. Plant Physiol. 164, 1556–1570. doi: 10.1104/
pp.114.237107

Lawson, T., Von Caemmerer, S., and Baroli, I. (2010). ““Photosynthesis and stomatal
behaviour,”,” in Progress in botany, vol. 72 . Eds. U. E. Lüttge, W. Beyschlag, B. Büdel
and D. Francis (Springer Berlin Heidelberg, Berlin, Heidelberg), 265–304. doi: 10.1007/
978-3-642-13145-5_11

Lazic, S. E., Clarke-Williams, C. J., and Munafò, M. R. (2018). What exactly is ‘N’ in
cell culture and animal experiments? PloS Biol. 16, e2005282. doi: 10.1371/
journal.pbio.2005282
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The role of red and white light in
optimizing growth and
accumulation of plant
specialized metabolites at two
light intensities in medical
cannabis (Cannabis sativa L.)
Mexximiliaan M. S. F. Holweg1*, Elias Kaiser1, Iris F. Kappers2,
Ep Heuvelink1 and Leo F. M. Marcelis1*

1Horticulture and Product Physiology, Wageningen University, Wageningen, Netherlands, 2Laboratory
of Plant Physiology, Wageningen University, Wageningen, Netherlands
The cultivation of medical cannabis (Cannabis sativa L.) is expanding in controlled

environments, driven by evolving governmental regulations for healthcare

supply. Increasing inflorescence weight and plant specialized metabolite (PSM)

concentrations is critical, alongside maintaining product consistency. Medical

cannabis is grown under different spectra and photosynthetic photon flux

densities (PPFD), the interaction between spectrum and PPFD on inflorescence

weight and PSM attracts attention by both industrialists and scientists. Plants

were grown in climate-controlled rooms without solar light, where four spectra

were applied: two low-white spectra (7B-20G-73R/Narrow and 6B-19G-75R/

2Peaks), and two high-white (15B-42G-43R/Narrow and 17B-40G-43R/Broad)

spectra. The low-white spectra differed in red wavelength peaks (100% 660 nm,

versus 50:50% of 640:660 nm), the high-white spectra differed in spectrum

broadness. All four spectra were applied at 600 and 1200 mmol m-2 s-1.

Irrespective of PPFD, white light with a dual red peak of 640 and 660 nm (6B-

19G-75R/2Peaks) increased inflorescence weight, compared to white light with a

single red peak of 660 nm (7B-20G-73R/Narrow) (tested at P = 0.1); this was

associated with higher total plant dry matter production and a more open plant

architecture, which likely enhanced light capture. At high PPFD, increasing white

fraction and spectrum broadness (17B-40G-43R/Broad) produced similar

inflorescence weights compared to white light with a dual red peak of 640 and

660 nm (6B-19G-75R/2Peaks). This was caused by an increase of both plant dry

matter production and dry matter partitioning to the inflorescences. No

spectrum or PPFD effects on cannabinoid concentrations were observed,

although at high PPFD white light with a dual red peak of 640 and 660 nm

(6B-19G-75R/2Peaks) increased terpenoid concentrations compared to the

other spectra. At low PPFD, the combination of white light with 640 and 660

nm increased photosynthetic efficiency compared with white light with a single

red peak of 660nm, indicating potential benefits in light use efficiency and
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promoting plant dry matter production. These results indicate that the

interaction between spectrum and PPFD influences plant dry matter

production. Dividing the light energy in the red waveband over both 640 and

660 nm equally shows potential in enhancing photosynthesis and plant dry

matter production.
KEYWORDS

medical cannabis, Cannabis sativa L., light spectrum, light intensity, photosynthetic
photon flux density, plant specialized metabolites, morphology, photosynthesis
Introduction

Medical cannabis (Cannabis sativa L.) has gained prominence

in both the horticultural and pharmaceutical industries due to its

pharmacologically active compounds, notably cannabinoids and

terpenoids (Karst et al., 2003; Andre et al., 2016; McPartland, 2018).

These plant specialized metabolites (PSM) are primarily localized in

the glandular trichomes on female inflorescences (Livingston et al.,

2020). Medical cannabis is predominantly prescription-based and is

endorsed for a variety of medical conditions including chronic

neuropathic pain, nausea, vomiting, spasticity associated with

multiple sclerosis, anorexia in cancer or HIV/AIDS patients, and

symptoms of Tourette’s syndrome (De Hoop et al., 2018). While

terpenoids possess medicinal attributes, they are primarily noted for

their contributions to the aroma and flavor profiles of medical

cannabis (Booth and Bohlmann, 2019; Sommano et al., 2020). The

cannabinoids serve as the basis for classifying medical cannabis

varieties into five distinct chemotypes, determined by the ratio of

their dominant cannabinoids, Delta-9-Tetrahydrocannabinol

(THC) to Cannabidiol (CBD) (Aizpurua-Olaizola et al., 2016).

Controlled conditions are essential for maintaining consistent

production in medical cannabis, in terms of inflorescence yield and

PSM concentrations. Considering that unprocessed inflorescences are

directly administered to patients, it is of critical importance to achieve

uniform PSM concentrations and consistent pharmacological effects

(Hazekamp et al., 2006; Kowal et al., 2016). Cultivation in controlled

environment conditions without solar light demands substantial

energy inputs, particularly for lighting (Zobayed et al., 2005;

Mehboob et al., 2020). The expansion of medical cannabis

industries globally underscores the necessity for energy-efficient

lighting systems (Hall et al., 2019). A transition is occurring from

conventional lighting systems, such as fluorescent and high-intensity

discharge lamps, to more energy-efficient light-emitting diode (LED)

technology (Mitchell et al., 2015; Pattison et al., 2018; Kusuma et al.,

2020). LED technology offers benefits such as enhanced energy

efficacy, lifespan, and spectrum customization, while maintaining

high photosynthetic photon flux densities (PPFD) with reduced heat

emission, thus enabling effective manipulation of light to influence

plant dry matter production and development (Morrow, 2008; Burgie
02149
et al., 2014; Galvão and Fankhauser, 2015; Ouzounis et al., 2015;

Krahmer et al., 2018).

Light spectrum affects plant dry matter production and

metabolic processes, through photoreceptors including

phytochromes, cryptochromes, phototropins, and UVR8 (Folta &

Carvalho, 2015; Ouzounis et al., 2015; Pocock, 2015; Thoma et al.,

2020), as well as through its effects on net photosynthesis rate (A;

e.g. McCree, 1971; Hogewoning et al., 2012). Most studies focused

on evaluating the individual effects of either spectrum or PPFD on

inflorescence weight and PSM concentrations (Magagnini et al.,

2018; Eaves et al., 2020; Llewellyn et al., 2021; Rodriguez-Morrison

et al., 2021; Danziger and Bernstein, 2021a; Islam et al., 2022).

However, there is a growing recognition, observed in other plant

species, that spectrum and PPFD interactively influence plant dry

matter production and PSM concentrations (Cope & Bugbee, 2013;

Ouzounis et al., 2015; Snowden et al., 2016; Eichhorn Bilodeau et al.,

2019). LED lighting systems were primarily characterized by peak

wavelengths around 660 nm, as these were the first LEDs with

adequate output for plant dry matter production (Bula et al., 1991;

Morrow, 2008). The peak wavelength of 660 nm closely

corresponds with the maximum absorption wavelength of

Chlorophyll a (Chl a; 663 nm), and as Chl a is the predominant

pigment in the reaction centers of both photosystem II (PSII) and

photosystem I (PSI), this alignment has justified the mass

production and adoption of 660 nm LEDs in horticulture since

1991 (Tamulaitis et al., 2005; Caffarri et al., 2011; Zhao et al., 2017;

Pan et al., 2018; Bula et al., 1991). Exploiting the local absorption

peak of Chlorophyll b (Chl b; 642 nm) could enhance light use

efficiency and light absorption further, as Chl b is essential in

preventing photoinhibition and improving energy transfer between

the light-harvesting- and photosystem core complexes

(Voitsekhovskaja and Tyutereva, 2015). This is particularly

relevant as the highest luminous efficiency in the red region

occurs at 640 nm, and aligns with the region of the highest

photosynthetic quantum yield, which spans from 600 to 660 nm

(McCree, 1971; Inada, 1976; Evans, 1987; Tamulaitis et al., 2005;

Hogewoning et al., 2012). Wollaeger and Runkle (2013) investigated

the effects of combinations of two wavelengths within the red

waveband (634 and 664 nm), with the addition of 10% blue (446
frontiersin.org
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nm) and 10% green (516 nm), on various crops grown at PPFD of

125 and 250 mmol m-2 s-1. Their findings indicated limited

morphological differences under these conditions. However, it is

important to note that medical cannabis, which is often cultivated at

significantly higher PPFD, may respond differently.

The spectrum of LED, particularly the red-to-blue ratio, varies

in horticultural applications and is crucial for plant dry matter

production and development (Kim et al., 2004; Piovene et al., 2015).

Red photons are generally more efficient in driving A, as they are

less strongly absorbed by non-photosynthetic pigments compared

to blue and green photons (Emerson and Lewis, 1943; McCree,

1971; Inada, 1976; Farquhar et al., 1980; Evans, 1987). Also,

exposure to high PPFD can lead to overexcitation of the

photosystems, potentially causing photoinhibition (Miao et al.,

2016; Oguchi et al., 2021). Furthermore, overexcitation of

pigments, notably under low-white spectra, has been suggested to

be associated with the appearance of bleached inflorescences—a loss

of pigmentation in the apical inflorescence that adversely impacts

marketability (Hawley, 2023). Incorporating a higher white

fraction, resulting in a more balanced red-to-blue ratio and

increased green fraction, may reduce the risk of photoinhibition

within the palisade layer due to increased light penetration within

the leaf, and thus foster higher quantum yields at higher PPFD

(Terashima et al., 2009; Oguchi et al., 2011, 2021). Such a strategy

facilitates a more balanced distribution of light absorption across

photosynthetic and non-photosynthetic pigments, thereby

decreasing the risk of photoinhibition (Tracewell et al., 2001;

Terashima et al., 2009; Hogewoning et al., 2012). Furthermore,

LED fixtures exhibit variability in their spectra, ranging from

narrow to broad bandwidths. Broadband spectra, offering a more

even distribution of light across a wider range of wavelengths, may

be more effective in providing balanced light exposure for A and

plant dry matter production (Hogewoning et al., 2012). Variations

in plant responses due to spectra, coupled with their interplay with

PPFD, highlight the necessity of selecting an appropriate lighting

system tailored to the specific requirements of medical cannabis.

The influence of spectrum on PSM concentrations in medical

cannabis has been explored in various studies (Eichhorn Bilodeau

et al., 2019; Westmoreland et al., 2021; Islam et al., 2022). While

exposure to blue light was correlated with increased cannabinoid

concentrations (Hawley et al., 2018; Namdar et al., 2019; Danziger

and Bernstein, 2021a), opposite effects were found as well (Wei

et al., 2021; Westmoreland et al., 2021). These discrepancies may

arise from the use of varying PPFD across studies. In other plant

species, both red and blue light have been shown to affect terpenoid

concentrations, and this might provide insights for terpenoid

production in medical cannabis (Kessler and Kalske, 2018;

Ghaffari et al., 2019). Further, while instantaneous responses of A

in medical cannabis to PPFD, temperature, and [CO2] are well-

documented (Chandra et al., 2008, 2011a, 2011b, 2015), the effects

of photosynthetic acclimation to different spectra remain

unexplored (Liu and Van Iersel, 2021).

Despite a broad array of spectra and PPFD applied by

horticulturists, a significant knowledge gap exists on the effects of

these factors in medical cannabis. Previous studies have explored

the impact of a single spectrum, leaving room for further
Frontiers in Plant Science 03150
investigation into the effects of spectra (Eaves et al., 2020;

Llewellyn et al., 2021; Rodriguez-Morrison et al., 2021). Some

efforts to clarify this relationship encountered complexities,

notably the difficulty in maintaining consistent PPFD across

different spectral treatments (Magagnini et al., 2018; Danziger

and Bernstein, 2021a; Morello et al., 2022). This study aims to

investigate the effects of different red wavelengths (640 and 660

nm), white fraction, and spectrum broadness on plant dry matter

production and partitioning, and specialized metabolite

accumulation in medical cannabis. It focuses on comprehensively

analyzing plant morphology and photosynthetic responses at both

low (600 mmol m-2 s-1) and high (1200 mmol m-2 s-1) PPFD, to

clarify the underlying mechanisms of spectrum-PPFD interactions.
Material and methods

Plant material and propagation
growth conditions

Cannabis sativa plants (var. King Harmony (Chemotype II,

1:1.5 THC : CBD); Perfect Plants, Honselersdijk, the Netherlands)

were cultivated in two sequential growth cycles in climate-

controlled chambers (Figure 1). These chambers were each

divided into eight sections utilizing white plastic sheets.

Genetically identical mother plants, derived from tissue culture

and younger than four months, provided 228 unrooted apical

cuttings, measuring 10 cm in length and possessing one fully

expanded leaf with excised axillary nodes. These cuttings were

propagated according to a standard propagation protocol (Text S1).
Growth conditions during vegetative and
generative phase

At day 21 of the propagation phase, a uniform selection of 128

plants was transplanted into 15 x 15 x 15 cm stone wool blocks

(Hugo Blocks; Grodan) and grown at a planting density of 16 plants

m-2 for 14 days under long days (18 h photoperiod); plants achieved

a height of 30 cm. Subsequently, plants were grown for 56 days at a

planting density of 9 plants m-2 during the short-day phase (12 h

photoperiod), to induce flower development.

Twenty-four hours prior to transplanting, stone wool plugs and

blocks were pre-soaked in a nutrient solution (Supplementary Table

S1) with electrical conductivity (EC) of 1.5 and 2.2 dS m-1,

respectively. The pH of the nutrient solution was ~5.8. Stone

wool plugs were irrigated on day 14 of the propagation phase by

ebb- and flow. A drip irrigation system administered the nutrient

solution six and four times daily for the long-day and short-day

phase, respectively at a rate of 60 mL min-1 and a duration between

two and four minutes, per stone wool block, depending on the

irrigation demand for healthy plant growth. EC values of these

nutrient solutions were 2.2 and 2.5 dS m-1 for the long-day and

short-day phase, respectively (Supplementary Table S1).

At day 7 of the long-day phase, four secondary branches per

plant were retained, to improve crop uniformity and reduce apical
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dominance, by removing the apical meristem at the seventh node

and removing the two lowest secondary branches. At day 10 of the

short-day phase, plants were pruned to promote airflow and reduce

a high relative humidity in the canopy’s microclimate by removing

the bottom 20 cm of leaves and tertiary branches (Figure 2); pruned

plant material was collected for inclusion in total plant dry matter

production. RH was 75% and decreased to 70% on day 7 of the
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long-day phase to promote transpiration. For the short-day phase,

relative humidity was set to 65% and subsequently decreased by 5%

weekly until it reached 55% to promote transpiration and thus

water uptake, and to prevent infections and infestations such as

Botrytis (Botrytis cinerea) and powdery mildew (Golovinomyces

ambrosiae and Podosphaera macularis). Air temperature was set to

28/24°C, 27/22°C, 26/22°C, and 25/22°C during the long-day phase,

and on days 0-28, 29-42, and day 49-56 of the short-day phase,

respectively. This temperature regime aimed to facilitate generative

growth. [CO2] was set to 800/400 and 1000/400 ppm (day/night)

during the long-day and short-day phase, respectively.
Light treatments

The PPFD at canopy height was 600 and 1200 μmol m-2 s-1 (26

and 52 mol m-2 d-1, respectively), provided by LEDs (ams OSRAM,

Munich, Germany) mounted in VYPR fixtures (Fluence, Texas,

Austin, USA). Four spectra were applied at both PPFD: two low-

white (7B-20G-73R/Narrow and 6B-19G-75R/2Peaks) and two

high-white (15B-42G-43R/Narrow and 17B-40G-43R/Broad)

spectra (Figure 3). The blue-green-red ratios of the two low-white

spectra were approximately equivalent, as well as the ratios of the

two high-white spectra (Table 1). The low-white spectra either

contained a single peak wavelength at 660 nm (7B-20G-73R/

Narrow) or dual peak wavelengths at 640 and 660 nm (6B-19G-

75R/2Peaks). The high-white spectra differed in broadness of the

white spectrum: narrowband spectrum (42G-43R/Narrow),

featuring peak wavelengths at 450 nm and 660 nm, and

broadband spectrum (17B-40G-43R/Broad), which displayed a

more uniform light distribution across a wide range of

wavelengths, approximately spanning 400-750 nm.
FIGURE 2

Representative image of Cannabis sativa after pruning 10 days after
start of the short-day phase, 24 days after transplanting.
FIGURE 1

Photographs of Cannabis sativa under the treatment spectra, 42 days after start of the short-day phase, 56 days after transplanting. Spectra are
displayed from left to right as follows: 6B-19G-75R/2Peaks, 7B-20G-73R/Narrow, 15B-42G-43R/Narrow, and 17B-40G-43R/Broad.
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During the long-day phase, the PPFD was initially set at 400

μmol m-2 s-1 and gradually increased to 600 μmol m-2 s-1 by day 12.

In the short-day phase, the PPFD was further increased to 1200

μmol m-2 s-1 on day 7 for half of the plots. Weekly quantum sensor

measurements (MQ-610, Apogee Instruments Inc., Logan, CA,

USA) were conducted across nine points per plot to ensure

uniform PPFD at canopy height.
Destructive measurements

Per treatment, seven plants per plot were destructively measured

at the transition from the long-day to the short-day phase (14 days

after transplanting), and nine plants were measured at the end of the

experiment (70 days after transplanting). Dry weights of

inflorescences, leaves that had been trimmed from the

inflorescences, regular leaves, and stems were quantified.

Inflorescence weights were determined after trimming inflorescence

leaves with an industrial trimmer (MT Tumbler 200; Master

Products, Girona, Spain). Leaf area of regular leaves was

determined using a LI-3100C area meter (LI-COR Inc., Lincoln,

Nebraska, USA). Dry weight was determined using a ventilated oven

(24h at 70°C, followed by 48h at 105°C). Inflorescence weight at 10%
Frontiers in Plant Science 05152
moisture content was calculated from the oven dry weight of the

inflorescence by multiplication with 1.10. Inflorescence length and

width were measured on each of the four branches per plant to

calculate inflorescence volume (assuming a cylinder shape) by inflor

escence   volume = inflorescence   length*   p*(
inflorescence  width

2 )2. T h e

inflorescence is identified as the complete inflorescence structure

on a single branch (Spitzer-Rimon et al., 2019). Inflorescence density

was calculated by dividing inflorescence dry weight by inflorescence

volume. Light use efficiency (LUE) was determined by dividing

inflorescence or total plant dry weight by the cumulative incident

photosynthetically active radiation (PAR) at canopy height, across

both the long-day and short-day phases (total light integral; TLI).
Leaf light absorptance, transmittance,
and reflectance

Leaf light absorptance was measured in accordance to (Taylor

et al., 2019), which involved the use of a dark enclosure equipped with

two integrating spheres to determine leaf light transmission and

reflection. Per treatment, leaf samples were collected from six

randomly selected plants, with one leaf per plant, to quantify leaf

light absorptance. Selected leaves were fully expanded, containing five

or more leaflets, and positioned within 20 cm from the apex, ensuring

full exposure to the light. The calculation of absorbed PAR (PARabs)

involved multiplying incident PAR by leaf light absorptance.
Leaf photosynthesis measurements

Leaf photosynthesis was measured using a LI-6800

photosynthesis system (LI-COR) on six randomly selected plants

per treatment (6 replicate plants per plot). Gas-exchange

measurements were conducted on leaves that were selected on

similar criteria as for leaf light absorptance. Data were collected

during the fourth and seventh week of the short-day phase.

Measurements of leaf photosynthesis light-response curves and

operational photosynthesis were conducted within a seven-hour

window per measurement day, starting one hour after the lights

turned on. Measurements were alternated between treatments to

reduce possible time-of-day effects. The infrared gas analyzers were

matched between measurements on different plants. Conditions

within the fluorometer cuvette were set to 27°C, 60% RH, a fan
TABLE 1 Spectral distribution and Photosynthetic Photon Efficacy (PPE) of the four spectra studied: 6B-19G-75R/2Peaks, 7B-20G-73R/Narrow, 15B-
42G-43R/Narrow, and 17B-40G-43R/Broad and ratios of red to blue (R:B), red to green (R:G), blue to green (B:G), and red to far-red (R:FR).

Spectrum
% of total PPFD (400-700 nm)

% of PFD
Ratio

PPE (µmol/J)(380-780 nm)

Blue Green Red Ultraviolet Far Red R:B R:G B:G R:FR

6B-19G-75R/2Peaks 6 19 75 0.1 1 12 0.2 0.3 69 3.31

7B-20G-73R/Narrow 7 20 73 0.1 1 10.2 0.3 0.4 56.2 3.44

15B-42G-43R/Narrow 15 42 43 0.1 1 2.8 1 0.4 31.8 2.91

17B-40G-43R/Broad 17 40 43 0.1 3 2.6 0.9 0.4 12.7 3.06
FIGURE 3

Spectral distribution of the four studied spectra with their
quantitative parameters shown in Table 1.
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speed of 10000 rpm, a flow rate of 400 μmol s-1, 2000 ppm [CO2],

and spectrum of 20B:80R. Following a 15-minute light acclimation

period to 3000 μmol m-2 s-1, A was stabilized and recorded for 120-

180 s, depending on the stabilization of A. Sequential PPFD were set

to: 3000, 2500, 2000, 1500, 1000, 800, 600, 400, 200, 100, and 0 μmol

m-2 s-1. A non-rectangular hyperbola was fitted to the light response

curve data (Thornley, 1977), and the parameters maximum net

assimilation rate at saturating light (Amax), quantum yield (aLRC),

light compensation point (LCP), and dark respiration rate (Rd)

were obtained.

Measurements of operational photosynthesis (Aop) were

obtained using a transparent leaf cuvette at the incident PAR at

canopy height. Environmental conditions within the leaf cuvette

were set equal to the climate room environment. Quantum yield of

photosynthesis (aop) was calculated as aop =
(Aop+ Rd)
PARabss

, where Rd is

the average respiration rate per plot, estimated from the light-

response curve.
Gas chromatography-mass
spectrometry analysis

Cannabinoid and terpenoid concentrations were quantified in

inflorescences located at the apical inflorescence above the canopy,

within 5 cm from the apical inflorescence. Per treatment, three pooled

samples were collected, each three samples at four different times, 0, 5,

10, and 15 days before harvest (DBH). Each pooled sample consisted

of three inflorescence clusters, each harvested from a randomly

selected plant of a given treatment, totaling approximately 1 g per

pooled sample. Bleached inflorescences, which were exclusively found

at the tip of the apical inflorescences in the 6B-19G-75R/2Peaks

treatment at 1200 μmol m-2 s-1, were individually harvested and

analyzed, with each sample weighing approximately 0.4 g.

Inflorescence samples were stored at -80°C until further processing.

Per sample, 0.2 ± 0.01 g were measured into a glass tube, into which 2

mL of n-Hexane with 1 mg L-1 squalene (Thermo Fisher Scientific,

Waltham, Massachusetts, USA) as an internal standard was added.

Extraction of PSM was performed for 10 minutes, using an ultrasonic

bath without elevated temperatures (Branson 2800; Branson

Ultrasonics Corporation, Danbury, CT, USA). The resulting extract

was then passed through a filtration column, containing of a Pasteur’s

pipet filled with glass-wool and anhydrous sodium sulphate (Biosolve

B.V., Valkenswaard, the Netherlands), and collected in a 2ml glass vial

for Gas Chromatography-Mass Spectrometry (GC-MS) analysis.

The PSM analysis was conducted using an Agilent Gas

Chromatography (GC) Model 7890 (Agilent Technologies, Inc.,

Santa Clara, CA, USA) system fitted with a 30 x 0.25 mm i.d., 0.25-

μm film thickness Zebron 5MS Column (Phenomenex Inc.,

Torrance, CA, USA), and a Model 5972A Mass Selective (MS)

Detector (Hewlett-Packard, Palo Alto, CA, USA). The GC was

programmed at an initial temperature of 60°C for two minutes,

increased by 5°C min−1 until reaching 250°C, accelerated at 10°C

min−1 to 280°C, and kept at this temperature for 5 min. The

temperatures of the injection port, interface, and MS source were

set to 250°C, 290°C, and 180°C, respectively. Helium inlet pressure

was electronically controlled to sustain a constant column flow rate
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of 1.0 ml min−1. Ionization was conducted at a potential of 70 eV,

and mass scanning ranged from 45 to 400 amu with a scan rate of 5

scans min-1. Samples were diluted 5-fold (i.e. 0.2 ml extract

combined with 0.8 ml n-hexane) and one μL of each sample was

injected and analyzed in split less mode.

Identification of terpenoid and cannabinoid compounds was

based on their respective GC-MS retention times, and spectral

comparisons against the NIST11 Mass Spectral Library (National

Institute of Standards and Technology, Gaithersburg, MD, USA),

the Adams essential oil library (Sparkman, 2005) and a

comprehensive in-house spectral library generated with authentic

standards. For semi-quantification of compounds, areas under the

curve (AUC) were computed relative to the AUC of the internal

standard (Squalene) and normalized for dilution and sample

weight. For each treatment, data are presented as the mean ±

SEM derived from three replicates. Concentrations of THC and

CBD were determined using calibration curves from authentic

standards, while additional cannabinoids and terpenoids were

quantified in units relative to the internal standard. Initial

quantifications were based on fresh weight, which were then

normalized to a 10% moisture content, which reflects the market-

standard weight for saleable inflorescences, by accounting for dry

matter in the inflorescences. The THC and CBD yields were

determined by multiplying their respective cannabinoid

concentrations by the dry weight of the inflorescence.
Statistical analysis

The experiment was set up and analyzed as a split-plot design in

two blocks (repetition over time) with PPFD (600 and 1200 μmol

m-2 s-1) as main factor and spectrum (6B-19G-75R/2Peaks, 7B-

20G-73R/Narrow, 15B-42G-43R/Narrow, and 17B-40G-43R/

Broad) as subfactor. Each plot consisted of 16 plants, of which

seven were harvested at an intermediate harvest, and nine at the

final harvest. Individual plant responses were averaged per plot and

an average was used as a statistical replicate. Due to the limited

number of blocks, homogeneity of variances had to be assumed and

statistical significance was assessed at P = 0.1, which is consistent

with standard practices in such conditions (Ott and Longnecker,

2015; Kaiser et al., 2019). No outliers were identified per plot, using

Z-score criteria, with thresholds set at -3 and +3 standard

deviations. A Shapiro-Wilk test ascertained that the assumptions

of normality were met. Analysis of variance (ANOVA) was

conducted to evaluate main and interaction effects of spectrum

and PPFD on plant morphological traits, physiological traits, and

PSM. Fisher’s unprotected LSD test was used for means separation.

The variance in treatment effects on morphological parameters

between the two repetitions could be attributed to an infection of

Hop Latent Viroid in the first repetition. This infection, confirmed

by Naktuinbouw in Roelofarendsveen, the Netherlands, likely

diminished the observed treatment effects. Plants infected with

Hop Latent Viroid exhibit symptoms including stunted growth

and reduced inflorescence yield (Adkar-Purushothama et al., 2023).

The variations observed may also be partly attributed to an earlier

harvest by two weeks in the first repetition, necessitated by a
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malfunction of the irrigation system. To ensure comparability

between the two experimental repetitions, PSM concentrations

are presented only for 15 DBH for both repetitions. For a similar

reason, photosynthesis data are primarily discussed for the fourth

week of the short-day phase, as for the seventh week of the short-

day phase only data from one repetition was available. Instances

where data from only one repetition are presented are explicitly

indicated. Statistical analysis was conducted by using SPSS (Version

26.0; IBM Corp., Armonk, NY, USA).
Results

Plant dry matter production
and development

White light with a dual red peak of 640 and 660 nm (6B-19G-

75R/2Peaks) increased inflorescence weight compared to white light

with a single red peak at 660 nm (7B-20G-73R/Narrow), irrespective

of PPFD (Figure 4A). This increase in inflorescence weight was

related to an increase in total plant weight, while dry matter

partitioning to inflorescences remained unaffected (Figure 4E).

Neither increasing the white fraction (15B-42G-43R/Narrow

compared to 7B-20G-73R/Narrow) nor increasing spectrum

broadness (17B-40G-43R/Broad compared to 15B-42G-43R/

Narrow) affected inflorescence weight at either PPFD. Dry matter

partitioning to the inflorescences increased when the white fraction

increased, irrespective of PPFD (Figure 4E). There was no effect of red

wavelength or spectrum broadness on dry matter partitioning to the

inflorescences. Dry matter partitioning to the trim and leaves was not

affected by spectrum or PPFD. Increasing the white fraction reduced

dry matter partitioning towards the stem, irrespective of PPFD. This

coincided with a decrease in plant height (Figure 4D), resulting in a

more compact plant architecture (Figure 5). Leaf area was not affected

by spectrum, and decreased with increasing PPFD (Supplementary

Figure S2C). Specific leaf area decreased with increasing spectrum

broadness at higher PPFD, and generally decreased with increasing

PPFD (Supplementary Figure S2D). There were no effects of

spectrum on plant height, specific leaf area, leaf area, and total

plant weight and biomass partitioning at intermediate harvest

(Supplementary Figure S1). Inflorescence and plant LUE increased

under white light with a dual red peak of 640 and 660 nm compared

to white light with a single red peak at 660 nm, and decreased with

increasing PPFD for this treatment (Figure 4C and Supplementary

Figure S2B). Neither increasing the white fraction nor spectrum

broadness affected inflorescence and plant LUE, and interestingly,

both LUE were also unaffected by PPFD. Furthermore, inflorescence

density increased with increasing PPFD, but was unaffected by

spectrum (Figure 4B).
Plant specialized metabolites

Spectrum or PPFD did not affect total cannabinoid

concentration, nor that of any specific cannabinoid (Figure 6B and

Supplementary Table S2). White light with a dual red peak of 640 and
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660 nm compared to white light with a single red peak at 660 nm

increased total terpenoid concentrations at high PPFD (Figure 6A).

Neither increasing the white fraction nor spectrum broadness,

irrespective of PPFD, affected total terpenoid concentrations. Total

terpenoid concentration was manifested predominantely by b-
Myrcene, a-Pinene, b-Pinene, Limonene, and Germacrene D

(Supplementary Table S2), and was highest 5 days before harvest

(DBH) (Supplementary Figure S3B). Bleached inflorescences were

exclusively found at the tip of apical inflorescences in white light with

a dual red peak of 640 and 660 nm at 1200 μmol m-2 s-1, and not in

the other treatments. Bleached inflorescences exhibited increased

total cannabinoid concentrations compared to green inflorescences,

primarily attributed to CBD as THCwas not affected (Figure 6E). The

type of inflorescence did not influence total terpenoid concentrations.
Photosynthesis

When measuring light-response curves (LRC) of A during the

fourth week of flowering, it was remarkable that A did not saturate,

even at the highest PPFD of 3000 mmol m-2 s-1, in any of the

treatments (Figure 7A). Also, the increase in A at PPFD<1000 mmol

m-2 s-1 was less pronounced in week seven compared to week four

of the short-day phase (Supplementary Figure S4E). During week

four of the short-day phase, Amax increased with increasing PPFD in

plants grown under 7B-20G-73R/Narrow and 15B-42G-43R/

Narrow (Figure 7B). During week seven of the short-day phase,

Amax decreased compared to week four, with no effect from

spectrum or PPFD (Supplementary Figure S4F). Photosynthetic

quantum yield as derived from the light-response curves (aLRC)

increased under white light with a dual red peak of 640 and 660 nm

compared to white light with a single red peak at 660 nm, and when

spectrum broadness increased (Figure 7C) at low PPFD.

Conversely, at high PPFD, increasing spectrum broadness

reduced aLRC. During the seventh week of the short-day phase,

there was a noticeable decrease in aLRC as PPFD increased, without

any effect of spectrum (Supplementary Figure S5A).

Dark respiration (Rd) and the light compensation point (LCP)

were not influenced by spectrum, but increased with PPFD

(Supplementary Figure S4A, C). In the seventh week of the short-

day phase, neither spectrum nor PPFD affected Rd and LCP

(Supplementary Figure S4B, D). In week seven of the short-day

phase at low PPFD, Rd,LCP, and Amax remained relatively stable

(Supplementary Figure S4B, D, F). However, at high PPFD, these

parameters approximately halved compared to week four, suggesting

a decline in photosynthetic capacity as leaves aged at high PPFD.

Leaf absorptance within the 400-750 nm range averaged 83% and

was unaffected by treatments (Supplementary Table S4). The

quantum yield of operational photosynthesis under treatment

conditions (aop) increased at low PPFD under white light with a

dual red peak of 640 and 660 nm compared to white light with a

single red peak at 660 nm, and when increasing the white fraction

(Figure 7D). There was no effect of spectrum on aop at high PPFD. In

the seventh week of the short-day phase, increasing the PPFD

decreased aop, with no effect of spectrum (Supplementary

Figure S5B).
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Discussion

The aim of this study was to investigate the effects of different

wavelengths of red (640 and 660 nm), white fraction, and spectrum
Frontiers in Plant Science
 08155
broadness on the growth and PSM accumulation in Cannabis

sativa . An in-depth analysis of plant morphology and

photosynthetic responses was conducted to elucidate the

underlying mechanisms responsible for observed treatment effects.
A B
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C

FIGURE 4

Effects of spectrum and PPFD on yield and light use efficiency of Cannabis sativa. (A) inflorescence dry weight; (B) inflorescence density;
(C) inflorescence light use efficiency; (D) plant height; (E) and plant dry weight and partitioning. Bars indicate means of two blocks (n = 2) each
consisting of 9 replicate plants. Main effects are shown when no interaction is found. Error bars represent standard error of means (SEM). Different
letters (within lowercase and uppercase) indicate significant differences between treatments (Fisher’s unprotected LSD test, P = 0.10).
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White light with dual red peaks at 640 and
660 nm increases inflorescence weight
through increased plant dry matter
production compared to white light with
single red peak At 660 nm

White light with a dual red peak of 640 and 660 nm (6B-19G-

75R/2Peaks) increased inflorescence weight (Figure 4A) and light

use efficiency (LUE; Figure 4C and Supplementary Figure S2B),

compared to white light with a single red peak at 660 nm (7B-20G-

73R/Narrow). Similar results were obtained by (Wollaeger and

Runkle, 2013) in various ornamental crops. In their study, crops

were grown at 125 and 250 μmol m-2 s-1 PPFD with various

combinations of 634 and 664 nm, making up 80% of the

spectrum, with 10% blue (446 nm) and 10% green (516 nm).

They observed that shoot fresh weight was higher when grown at

40% 634 and 40% 664 nm in comparison to other spectrum

combinations, with leaf chlorophyll concentrations being higher

under this treatment at low PPFD. Although the light treatment in

our study with dual red peak (640 and 660 nm), and single red peak

(660 nm) had an equivalent red fraction, the inclusion of two

maximum absorption peaks at 640 and 660 nm appeared to drive

photosynthesis (aLRC and aop) and plant dry matter production

more effectively than a single maximum absorption peak at 660 nm

(Figure 7C, D). This effect may be attributed to the fact that, within

the red waveband, Chl b and Chl a have their maximum absorption

peaks around 642 nm and 663 nm, respectively (Zhu et al., 2008;

Chazaux et al., 2022). Chl b is specifically bound to light-harvesting

complexes while Chl a is bound to both photosystem core- and
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light-harvesting complexes (Caffarri et al., 2011; Zhao et al., 2017;

Pan et al., 2018). Chl b is critical in regulating the size of the light-

harvesting complexes, absorbing light energy that would otherwise

cause photoinhibition when directly absorbed by the photosystem

core complexes (Voitsekhovskaja and Tyutereva, 2015).

Distributing the light energy over both Chl b and Chl a likely

allowed for more efficient light energy absorption and conversion to

chemical energy, preventing photoinhibition due to excessive light

energy. However, Chl a and Chl b coexist alongside both

photosynthetic and non-photosynthetic pigments. This

assortment of pigments influences the efficacy of various light

wavelengths in driving photosynthesis (Walla et al., 2014; Smith

et al., 2017).

The use of 660 nm light may trigger phytochrome activation,

inhibiting flowering in short-day plants like strawberries (Takeda

and Newell, 2006). This phenomenon could explain the reduced

inflorescence weights observed under white light with a single red

peak at 660 nm compared to white light with a dual red peak of 640

and 660 nm, likely resulting from a prolonged flower induction

phase. Park and Runkle (2018) observed a similar response, where

inflorescence buds appeared earlier in begonia (Begonia spp.),

geranium (Pelargonium spp.), petunia (Petunia spp.), and

snapdragon (Antirrhinum majus) under 100% white, or 75%

white with 25% red light, compared to a combination of 15% blue

and 85% red. Although we did not measure the phytochrome

stationary state or the precise moment of flower induction, these

factors merit consideration in future research exploring the effects

of 640 and 660 nm wavelengths on inflorescence development of

medical cannabis.
FIGURE 5

Representative images of Cannabis sativa 20 days after start of the short-day phase, 34 days after transplanting.
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Larger fraction of white light improves dry
matter partitioning to the inflorescences,
but did not increase plant dry
matter production

White fraction did not affect inflorescence weight. Increasing

the white fraction in our study caused increases in both blue and
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green fractions and decrease in red fraction. All these changes in

fraction blue, green, and red or their mutual ratios could have

contributed to the observed treatment effects. Our study, along with

similar research in the field, was conducted at low to average PPFD

compared to conventional medical cannabis cultivation (Lumigrow,

2017; Fluence, 2020). We found that leaf-level A still increased at

PPFD >1200 μmol m-2 s-1, suggesting the potential for further
A B
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E

C

FIGURE 6

Effects of spectrum and PPFD on specialized metabolite concentration of Cannabis sativa. (A) total terpenoid concentration; (B) total cannabinoid
concentration; (C) THC concentration; (D) CBD concentration. (E) effect of inflorescence type on total cannabinoid, THC, CBD, and total terpenoid
concentration. Bars indicate means of two blocks (n = 2) each consisting of 9 replicate plants, with the exception of panel (E) which only consisted
of one block. Main effects are shown when no interaction is found. Error bars represent standard error of means (SEM). Different letters (within
lowercase and uppercase) indicate significant differences between treatments (Fisher’s unprotected LSD test, P = 0.10).
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exploration at higher PPFD. While high PPFD can overexcite the

photosystems and induce stress responses that give rise to

destructive reactive-oxygen-species (ROS) (Demmig-Adams and

Adams, 1992; Asada, 2006), increasing the white fraction at high

PPFD may alleviate this stress due to a larger green fraction, which

penetrates deeper in the leaf and thus distributes light more evenly

among the chloroplasts, referred to as the ‘detour’ effect (Terashima

et al., 2009; Brodersen and Vogelmann, 2010; Slattery et al., 2016;

Smith et al., 2017). In support of this, Liu & Van Iersel (2021)

observed higher quantum yields in lettuce under low-white light at

200 μmol m-2 s-1, and under a combination of red and green light at

1000 μmol m-2 s-1. Similarly, substituting up to 24% of red+blue

LED light with green light increased both shoot fresh and dry

weight, which was attributed to green light penetrating deeper

within folded lettuce leaves (Kim et al., 2004; Bian et al., 2016).

When PPFD increases, light energy is rarely a limiting factor for

plant dry matter production. Nevertheless, overexcitation of

pigments can lead to the formation of ROS, potentially causing

photooxidative damage to the photosystems and ultimately
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photoinhibition (Bassi and Dall’Osto, 2021). Up to 90% of red and

blue light can be absorbed by the chloroplasts located within the

upper 20% of the leaf’s profile (Nishio et al., 1993). Supplementing

saturating white halogen light with monochromatic green light

enhanced A in Helianthus annuus more efficiently than

monochromatic red light (Terashima et al., 2009). As such,

increasing the green fraction is especially relevant in crops which

form dense canopies, and in crops that can be grown at very high

PPFD, such as medical cannabis (Smith et al., 2017).

Decreasing the white fraction led to an increase in plant height,

which is associated with an increased inflorescence weight. Increased

plant height results in a more open plant structure. Such open

structures have been associated with increased yields and the

production of plant specialized metabolites in several plant species

(Bugbee, 2016; Danziger and Bernstein, 2021b). The increase in plant

height, which led to a more open plant structure, likely increased light

distribution in the canopy and photon capture, thereby increasing

both whole-crop photosynthesis and plant dry matter production

(Takenaka, 1994; Sarlikioti et al., 2011). This factor is particularly vital
A B
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FIGURE 7

Effects of spectrum and PPFD on leaf net photosynthesis rate (A) in the fourth week of the short-day phase of Cannabis sativa. (A) light response
curve of A; (B) maximum A at saturating PPFD (Amax); (C) quantum yield of A based on the light response curve (aLRC); (D) quantum yield of
operational A under the treatment conditions (aop). Data was averaged from six plants within each plot, resulting in a single value for each plot. Bars
or symbols indicate means of two blocks (n = 2), with the exception of 7B-20G-73R/Narrow and 17B-40G-43R/Broad in panel (B, C) which only
consisted of one block. Error bars represent standard error of means (SEM). Different letters indicate significant differences between treatments
(Fisher’s unprotected LSD test, P = 0.10) Conditions within the fluorometer cuvette were set to 27°C, 60% RH, a fan speed of 10000 rpm, a flow rate
of 400 µmol s-1, 2000 (LRC) and 1000 (OP) ppm [CO2], and spectrum of 20B:80R (LRC).
frontiersin.org

https://doi.org/10.3389/fpls.2024.1393803
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Holweg et al. 10.3389/fpls.2024.1393803
for medical cannabis, a crop with a dense canopy. A larger white

fraction increased dry matter allocation to the inflorescences. This

finding is consistent with Magagnini et al. (2018), who reported a

lower harvest index with increased red fraction. The effect was

ascribed to increased dry matter partitioning to the stems,

correlating with an increased plant height. This response aligns

with findings by Danziger and Bernstein (2021a), who noted a

similar response in plants grown under a high red fraction.

Total cannabinoid concentrations were unaffected by spectrum

and PPFD. These observations contradict with those of Islam et al.

(2022), who reported increased cannabinoid concentrations under

spectra with an increased blue-to-red ratio at a PPFD of 300 μmol

m-2 s-1. Furthermore, in Mentha spp., Sabzalian et al. (2014)

reported that a combination of red and blue light led to increased

essential oil concentrations compared to white light. Studies by

Hawley et al. (2018) and Namdar et al. (2018) associated higher blue

fractions with increased cannabinoid concentrations. Nevertheless,

due to differing experimental conditions, including lower PPFD and

shorter durations of the short-day phase, a direct comparison with

our findings warrants caution. Westmoreland et al. (2021) and Wei

et al. (2021) observed no significant impact of blue fraction on

cannabinoid concentrations, and suggested that photoreceptor

saturation at high PPFD might underlie these observations.

Magagnini et al. (2018) demonstrated that the influence of

spectrum on concentrations of THC, CBD, and CBG is cultivar

dependent. For instance, Danziger and Bernstein (2021a) observed

varying effects on the naturally occurring forms of cannabinoids—

Cannabigerolic Acid (CBG), Cannabidiolic Acid (CBD), and

Tetrahydrocannabinolic Acid (THC)—across three cultivars when

comparing various LED spectra with high-pressure sodium

(HPS) lights.

We hypothesize that low-white spectra at high PPFD could

overexcite the photosystems, potentially leading to bleached

inflorescences, which have been compared to photoinhibition of

the leaves, potentially caused by production of reactive oxygen

species. A somewhat similar response was observed by (Massa et al.,

2008), where white tissue development was observed in peppers

grown under 85% red and 15% blue light, specifically on

inflorescence sepals. The precise mechanism behind this

phenomenon is still uncertain and warrants further investigation.

In our research, bleached inflorescences had higher total

cannabinoid concentrations, primarily due to more CBD. This

could be due to cannabinoids being proposed as potent

antioxidants (Mukhopadhyay et al., 2011; Raja et al., 2020),

possibly accumulating in greater amounts in tissues with higher

concentrations of ROS, to maintain a balance in light-harvesting

and energy utilization (Islam et al., 2022).
No clear effect of spectrum broadness on
plant dry matter production and
photosynthetic efficiency

Despite a scarcity of studies on the effects of broadband versus

narrowband wavelengths, some studies report that plant dry matter

production tends to increase under broadband light compared to
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red and blue light combinations alone (Kim et al., 2004; Massa et al.,

2008; Hogewoning et al., 2010; Lu et al., 2019). Spectrum in the

PPFD waveband is typically categorized by blue (400-500 nm),

green (500-600 nm), and red (600-700 nm) wavelengths. For a

comprehensive comparison in peer-reviewed studies, a more

detailed classification of broadband wavelengths would be useful,

as this could aid in accurately evaluating and contrasting the effects

of different spectra on plant dry matter production.

Kim et al. (2004) studied the effects of different spectra,

particularly of green fraction, on lettuce growth. They observed

that a spectrum with 15% blue, 24% green, and 61% red light led to

the highest plant dry matter production compared to cool-white

fluorescent light. However, their PPFD of 150 mmol m-2 s-1 may not

have fully demonstrated broadband spectrum potential. Green

photons could exhibit a quantum yield similar to red photons,

and higher than blue photons, as blue is also absorbed by non-

photosynthetic flavonoids and carotenoids (McCree, 1971;

Hogewoning et al., 2012). At higher PPFD, a greater green

fraction may be more advantageous, as it can enhance light

penetration within leaves and through the canopy, which has

been hypothesized to improve whole-crop photosynthesis. Johkan

et al. (2012) supported this, noting that while low PPFD (100 μmol

m-2 s-1) green light did not significantly impact lettuce growth,

higher PPFD (300 μmol m-2 s-1) green light enhanced growth

compared to white fluorescent light. However, contradicting

results on the effect of green fraction on plant dry matter

production have also been reported (Wang and Folta, 2013;

Snowden et al., 2016), which among other factors, could have

been attributed to the reversal of blue-light induced stomatal

opening (Frechilla et al., 2000; Talbott et al., 2002). The

variability in the effects of green fraction on plant dry matter

production warrants further investigation. Although green LEDs

exhibit inefficiencies in the conversion of electricity to photons—

referred to as the ‘green gap’ (Pleasants, 2013)—employing white

LEDs or a combination of red and blue LEDs could offer a more

effective solution for generating a broad light spectrum.

It is important to note that the broad-white spectrum used in

our study included 3% far-red light, while the narrow-white

spectrum did not (Supplementary Table S1). This is relevant

considering that increasing the far-red fraction has been shown

lead to an increased growth (Demotes-Mainard et al., 2016). The

photosynthetic efficiency of far-red depends on the exact

wavelengths used, but can be comparable to PPFD when used in

combination with shorter wavelengths (Zhen and Bugbee, 2020a;

Zhen and Bugbee, 2020b; Jin et al., 2021). Further research is needed

to clarify how the crop responds to different fractions of blue, green,

red and far-red light at varying PPFD. Additionally, it is crucial to

investigate whether the crop’s light requirements change during

different stages of development.
Conclusions

Our study revealed an interaction between spectrum and PPFD

on plant dry matter production and inflorescence yield of medical

cannabis. White light with a dual red peak at 640 and 660 nm,
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compared to white light with a single red peak at 660 nm, increased

inflorescence yield and light use efficiency, regardless of PPFD. This

increase was primarily due to increased total plant dry matter

production and a more open plant architecture, which may have

improved photon capture. White fraction and spectrum broadness

had no effect on inflorescence yield, irrespective of PPFD. There was

no treatment effect on total cannabinoid concentrations, which

indicates a promising potential for maintaining consistent quality in

terms of PSM. However, at higher PPFD, white light with a dual red

peak of 640 and 660 nm compared to white light with a single red

peak at 660 nm increased terpenoid concentrations. At low PPFD,

photosynthetic parameters like maximum photosynthetic rate and

quantum yield were increased when grown under white light with a

dual red peak of 640 and 660 nm compared to white light with a

single red peak at 660 nm, while spectrum had no effect at higher

PPFD. The addition of 640 nm alongside 660 nm shows potential in

improving light use efficiency and promoting plant dry

matter production.
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