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Abstract: Far-red (FR) additions to white or red/blue light resulted in improved dry
biomass and fruit nutritional quality. Despite these positive effects, FR supplementation
was also found to induce the abortion of flowers and fruits. We hypothesized that the
timing and duration of the FR supplements determine the positive or negative effects
of the FR supplement on the plant. To examine this hypothesis, we compared the effect
of a gradient of FR supplements (5.5, 12, and 18.1 µmol m−2 s−1) on bell pepper plants
(Capsicum annuum cv. Margrethe) when they were exposed to the FR supplements at the
beginning of their vegetative growth phase to when FR supplementation only began at the
generative phase. We found that 12 and 18.1 µmol m−2 s−1 of FR supplements resulted in
a higher yield than 5.5 µmol m−2 s−1 of FR supplements, but FR supplementation from the
onset of flowering delayed fruit ripening by 5–8 days and decreased fruit yield compared
to FR supplementation that began at seedling transplantation. These results indicate that
the positive effect of the FR supplements on the pepper plants of the cultivar Margrethe
depends on the plant’s stages of development, and a much lower FR intensity may suffice
to enhance growth and yield.

Keywords: artificial lighting for plants; Capsicum annuum L. cv. Margrethe; delayed
flowering; far-red supplement; fruit quality and yield; generative growth; horticulture;
light-emitting diodes; R:FR ratio; vegetative growth

1. Introduction
Light quality and intensity control plant growth and development. Variations in the

spectral composition of light influence photosynthesis and the metabolism and physiology
of plants [1,2]. Light quality for plant growth depends on the light’s spectral composi-
tion, i.e., the wavelength of the photons it contains. Photosynthetically active radiation
(PAR) has long been accepted for photons from 400 to 700 nm [3]. Still, the contribution
of far-red (FR) photons from 700 to 750 nm to photosynthetic activity has been overseen
until recently [4]. Shorter wavelengths of FR light also contribute to photosynthesis via
the Emerson effect [5,6]. A supplement of FR light ranging from 700 to 750 nm to the
white light or red and blue light increased the accumulation of dry plant biomass [7,8]
and promoted plant growth and yield [7–13]. Supplemental FR promoted lettuce yield
(Lactuca sativa cv. Expertise RZ) at different planting densities [14]. It also positively
impacted the morphology and pigmentation of lettuce and basil seedlings [15]. FR sup-
plementation increased tomato fruit mass [16,17]. The benefit of end-of-day FR supple-
mentation or constant lighting has also been assessed in diverse studies [16,18,19]. The
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positive effects of FR light on plant growth triggered much interest in its use in green-
houses and other controlled environments for food production [20,21]. However, despite
the positive effects of FR on photosynthesis and growth, FR supplementation was also
found to induce the abortion of flowers and fruits in peppers [22,23] and to reduce plant
resistance to pathogens [20,24,25]. Although the wavelengths (700–750 nm) chosen for the
FR supplement are almost identical in those studies, the intensity, timing, and duration
of FR supplementation varied from one study to the other. The intensity, duration, and
timing of FR supplements to light likely underlie the differences in the reported outcomes.
For instance, short-term FR supplementation increased maize (Zea mays) volatile release,
whereas prolonged FR supplementation showed the opposite response [26]. Likewise, con-
tinuous FR supplementation strongly promoted growth and photosynthesis in different rice
(Oryza sativa) varieties, whereas end-of-day FR pulses prevented photosynthesis-promoting
effects and elicited shade avoidance responses [27]. Higher FR levels led to more adventi-
tious roots per tiller in wheat, whereas it decreased the adventitious root biomass of fava
beans in a mixed stand. Inversely, higher FR levels reduced root depth in wheat but in-
creased it in fava beans [28]. It appeared that the timing and duration of the FR supplements
determine the positive or negative effects of the FR supplement on the plant. While the
optimal timing might be difficult to define and harmonize for all species, crop development
invariably encompasses a vegetative phase, where the shoot develops, and a generative
phase, which starts at the onset of flowering and when fruits and seeds form. Depending
on the crop and the production goals, the growers might adopt practices to boost the shoot
growth or the flowering and fruit set. Many studies have focused on the intensity of FR
light and the temporal parameters of its application (i.e., short-term, long-term, or at the
end of the day). However, the optimal intensity of FR within the overall light spectrum
and the assessment of its effects at the beginning of the vegetative cycle versus at the onset
of the reproductive cycle have not been the subject of sufficient investigations. Therefore,
in this study, we investigated how plant developmental stages influence the response to FR
supplements in a controlled environment. For this, we compared the growth of bell pepper
plants (Capsicum annuum cv. Margrethe) when they were exposed to FR supplements at
the beginning of their vegetative growth phase, i.e., immediately after transplantation, to
when FR supplementation only began at the generative phase, i.e., at the onset of flowering.
We examined the effect of FR supplements on plant height, flower development, and fruit
yield and quality.

2. Materials and Methods
2.1. Plant and Growth Conditions

To examine the effects of FR supplements on the plants, the experiments were con-
ducted in a growth room at the Université du Québec à Trois-Rivières (46◦21′1.22′′ N,
−72◦34′20.79′′ W, Quebec, QC, Canada). Pepper seeds of Capsicum annuum cv. Margrethe,
which is widely cultivated in Quebec and Canada, were obtained from the company Enza
Zaden in Canada. The seeds were sown in a plastic tray (40 cells) containing autoclaved
soil at 105 ◦C for 21 min and then were kept in a growth chamber (Conviron GEN1000,
Conviron, Winnipeg, MB, Canada) for germination. The seedlings obtained two weeks
later were transplanted into individual plastic pots of about 1 liter each in volume (height:
10.5 cm; bottom diameter: 11.50 cm; top diameter: 15.50 cm) and transferred to a growth
room. This growth room has been divided into three compartments of 1.84 m2 in area and
1.12 m in height each and separated by white blackout curtains reflecting light (Supplemen-
tary Figure S1). Each compartment was designated to represent an FR treatment, with a
total of 28 plants arranged in 4 rows of 7 plants each. To account for the light distribution
within each compartment, the analysis was conducted exclusively on the 14 central plants,
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located directly below the light fixtures. The other plants were used as border plants. The
photoperiod was 16/8h light/dark. The photosynthetic photon flux density (PPFD) of the
light was maintained at 110 µmol m−2 s−1. The temperature was 23/18 ◦C day/night, and
the relative humidity was between 60 and 65%. To ascertain whether the far-red response
exhibited by plants of the Margrethe cultivar is associated with the treatment and not with
the cultivar itself, we utilized the Liberty Belle and Fresh Bites cultivars as reference.

2.2. Treatments

The plants were grown under white light provided by light-emitting diode (LED)
fixtures (SF3, Sollum Technologies Inc., Quebec, QC, Canada) supplemented with three
(03) different proportions of FR (Figure 1). The proportions of FR that were used were
as follows: control treatment M1 (5.5 µmol m−2 s−1), treatment M2 (12 µmol m−2 s−1),
and treatment M3 (18.1 µmol m−2 s−1) (Table 1). FR supplements were applied either to
seedlings immediately after transplanting into individual pots at their early vegetative
stage or as soon as a first flower appeared on a plant, i.e., at the onset of the generative
phase. The two far-red application stages were carried out independently. The experiment
with far-red application at the vegetative stage was repeated three times, and the one with
far-red application at the reproductive stage was performed two times. Each experiment
lasted about 120 days from the transplantation of the seedlings to individual pots to the
harvesting of mature fruits and was repeated with a new batch of sown seeds. For each
experiment, there were three levels of FR (three treatments), one level in one compartment
at a time. Prior to the application of treatments at the reproductive stage, seedlings
were first subjected to 5.5 µmol m−2 s−1 of FR for vegetative development in all three
compartments. Then, as soon as the first flower appeared in one of the compartments,
the treatments corresponding to M2 (12 µmol m−2 s−1) and M3 (18.1 µmol m−2 s−1) were
separately applied in two compartments. As shown in Supplementary Figure S1, zone
1 represented the compartment with 5.5 µmol m−2 s−1 of FR supplement (M1), zone 2
for 12 µmol m−2 s−1 of FR supplement (M2), and zone 3 for 18.1 µmol m−2 s−1 of FR
supplement (M3). Each compartment was 1.84 m2 (151 cm × 122 cm) in area with a height
of 1.12 m and contained 28 plants (7 plants/row × 4 rows), with 14 central plants that
served as experimental plants. To ascertain the impact of FR supplements administered
during the reproductive stage on the flowering of plants, all flowers that had appeared
prior to the application of the treatments were manually removed. The photon flux density
(PFD) at the canopy level was monitored with a spectroradiometer (Li-180, LI-COR, Lincoln,
NE, USA) and then adjusted weekly in each compartment throughout the production cycle
to maintain a PPFD of 110 µmol m−2 s−1. At the end of the production cycle, pepper fruits
of full red hue were deemed mature and were collected, diced into 50 mL Falcon tubes, and
stored at −80 ◦C for biochemical analyses.

Table 1. Light spectrum intensity of different light treatments M1, M2, and M3.

Light Treatments
PPFD 2

(µmol m−2 s−1)
PFD 3

(µmol m−2 s−1) PFD (µmol m−2 s−1) R:B R:FR 4 R:G

Blue Green Red FR 1

M1 110.7 116.3 11.0 43.5 56.3 5.5 5.1 10.2 1.3
M2 110.5 123.7 11.5 44.2 55.8 12.0 4.8 4.6 1.3
M3 110.4 128.6 11.3 43.4 55.7 18.1 4.9 3.1 1.3

1 M1, M2, and M3 represent light sources that were supplemented with 5.5, 12, and 18.1 µmol m−2 s−1 of far-red
(FR) radiation, respectively. 2 PPFD, photosynthetic photon flux density (µmol m−2 s−1). 3 PFD, photon flux
density to 400 at 780 nm. 4 Ratio R:FR, photon irradiance (666–775 nm)/photonic irradiance (725–735 nm).
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Figure 1. The experimental light spectrum with the far-red supplements. Blue (400–500 nm), green
(500–600 nm), red (600–700 nm), and far-red (700–780 nm). The treatments M1, M2, and M3 denote
5.5 µmol m−2 s−1, 12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of the far-red supplement, respectively.

2.3. Photosynthetic Activity

The light and CO2 response curves were measured using the method described in [29],
with some modifications. The Li-6800 (LI-COR, Lincoln, NE, USA) portable photosynthesis
system simultaneously recorded photosynthetic gas exchange. CO2 flux and photosynthetic
light were measured by clipping part of the leaf. Temperature and relative humidity were
maintained at 25 ◦C and 50–55%, respectively. CO2 content was adjusted to maintain an
inner chamber of 433 µmol CO2 m−2 s−l ambient level. The light source (88R:12B) supplied
by the equipment and activated for automatic photon flux density (PFD) changes, with 120
to 240 s intervals, was used for photosynthetic measurements. Maximum assimilation rates
(Amax) at saturated light and CO2 were calculated, respectively, from the A vs. PPFD and
A vs. Ci curves by non-linear regression to hyperbolic function (y = yo + a × x/(b + x)).
A represents the assimilation at each PPFD, and Ci represents the intracellular CO2 level
estimated by Li-COR 6800 from the specified CO2 level in the surroundings of the leaf in
the leaf chamber. The maximum quantum yield (α) and carboxylation efficiency (ε), the
dark compensation point for CO2 (DCP) and light compensation point (LCP), and dark
and light respiration (DR and LR) were estimated by the linear regression (y = mx + b)
of the first curve points, respectively, as the initial slope of A vs. PPFD and A vs. Ci and
the intersection with the x and y axes. Concerning the CO2 response curve, the various
CO2 concentrations were obtained from the portable CO2/air mixture tank, automatically
controlled by a CO2 injector. CO2 uptake rates were first measured at CO2 concentration
levels close to 400, 300, 200, and 100 and later at 50, 100, 200, 300, 400, 600, 800, 1000, 1200,
1500, and 1800 µmol CO2 m−2 s−1. Light intensity was fixed at 1500 µmol CO2 m−2 s−1.
Concerning the light response curve, the rate of light assimilation was measured at different
intensities of 0, 20, 40, 60, 100, 200, 300, 600, 900, 1200, and 1500 µmol m−2 s−1.

2.4. Evaluation of Growth Parameters

The plant growth parameters were measured every week, starting from two weeks
after the beginning of FR treatments. The recorded parameters included the plant height
and internode length taken with a measuring tape, stem diameter measured with a caliper
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(MasterCraft, 6′′ 150 mm), the number of leaves and nodes, and the leaf area of the 8th leaf
determined by using the following formula [30]:

LA = 0.5 (L × W) (1)

where LA is the leaf area (cm2), L is the length of leaf, and W is the maximum width.
At the end of a production campaign (experiment), three plants per treatment were

selected for root profile analysis. The roots were washed to remove soil, rapidly blotted in
water-absorbing papers to remove the dripping water, and weighed. The root length was
measured using a graduated ruler. Then, the roots were dehydrated at 80 ◦C for 48 h to
determine their dry mass.

2.5. Flower Monitoring and Production Yield Determination

To examine the effect of FR on flowering in each FR treatment (compartment), the
frequence of flower appearance was monitored for the first 14 days after the first flower
appeared in the compartment. Every new flower during this period was tagged, the date
of appearance was noted, and the tagged flowers were monitored for abortion or fruit
formation, fruit growth, and time to maturation until fruit harvest. At maturation (time
of full red hue; see Section 4), the fruits were harvested, weighed, and stored at −80 ◦C.
This process enabled us to determine the frequency of flower production for 14 days
after the first flower appeared in the compartment, the frequency of abortion, the average
time to flowering, fruit set and ripening, and the fruit set rate for each treatment. To
assess the impact of FR treatment, mature and immature fruits remaining on the fourteen
experimental plants of the compartment were harvested and weighed at the end of the
production campaign. Their weight was added to the weight of fruits that ripened and
were collected earlier during the experiment to obtain the fruit yield. The yields were
reported in kilograms for 14 plants (Kg/14 plants), and this was performed separately for
each compartment (treatment) during an experiment. Every experiment lasted 120 days
after seedling transplantation into individual pots. The two far-red application stages were
performed independently for a total duration of about two years. The experiment with far-
red application at the vegetative stage was repeated three times (first campaign: September
2022–January 2023; second campaign: July 2023–November 2023; and third campaign:
June 2024–November 2024), and the one with far-red application at the reproductive stage
was performed two times (first campaign: February 2023–June 2023 and second campaign:
December 2023–April 2024).

2.6. Volume, Dry Matter, Thickness

Fruit volume (V) was calculated for all fruits based on the fruit length (l) and diameter
(d) and by using Equation (2), assuming a cylindrical fruit shape.

V =
1
4
× π×l × d2 (2)

The dry matter (dm) content of the fruit was assessed from 100 g of fresh matter of
mature fruits harvested in each treatment. These fruits were diced and dehydrated using
an incubator (Heratherm oven, Thermo Scientific, Mississauga, ON, Canada) at 65 ◦C for
48 h. The dry mass (Ps) obtained has been reported to the fresh weight of the initial fruit
(Ph) to determine the dry matter according to Equation (3).

dm =
Ps
Ph

× 100 (3)
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The thickness of the fruit flesh was measured. For this, the lobes of the fruit were
separated, and, using the caliper (Master Craft, 6′′ 150 mm), measurements were taken at
three different locations to obtain an average ± standard deviation of the thickness.

2.7. Soluble Sugar Contents

Total sugars were quantified by spectrophotometry according to the protocol described
in [31]. The absorbance of the reaction was read at 490 nm with a spectrophotometer (UV-
1280, Shimadzu Mandel, Guelph, ON, Canada). The quantification of sucrose, fructose,
and glucose by High Performance Liquid Chromatography (HPLC) was performed by
Innofibre (CEGEP Trois-Rivières, QC, Canada). The metabolite extraction was performed
using solid–liquid separation followed by the injection of the samples into the HPLC
machine (Ultimate 3000, Thermo Fisher Scientific, Waltham, MA, USA) with a detector
system (Charged Aerosol Detection, Thermo Fisher Scientific, Waltham, MA, USA). Briefly,
1 g of fruit was crushed with mortar and pestle, as described above. After centrifugation at
15,000× g at 4 ◦C for 10 min, the supernatant was filtered with a 0.45 µm filter (Fisherbrand,
Ottawa, ON, Canada). An equal volume of the filtered supernatant and 100% Optima
Fisher grade acetonitrile (elution solvent) were mixed, transferred to 2 mL vials, and placed
in the apparatus for analysis. The stationary phase consisted of a precolumn/column
(Asahipak 4.6 × 10 mm/Asahipak 4.6 × 250 mm, Shodex HPLC columns, New York, NY,
USA) at 20 ◦C. The mobile phase was composed of 100% milli-Q water (solvent A) and
100% acetonitrile (solvent B), and the flow rate was set at 1.3 mL/min. The elution of
the compounds was performed in isocratic mode in the proportion of 15% A and 85% B.
Chromeleon console software (Thermo Fisher Scientific, Waltham, MA, USA) was used
for the chromatogram analysis and quantification of sugar concentrations (Supplementary
Figure S2). Results were expressed in g L−1 g−1 fresh material as the mean ± standard
deviation of three sample replicates.

2.8. Phenolic Content

The quantification of total polyphenols was conducted by the spectrophotometric
method described in [32]. The absorbance of the reaction was read at 760 nm. A catechin
solution of 50 mg mL−1 was used to make a standard curve (linear regression coefficient
R = 0.993) that served to determine the polyphenols content of the extract as equivalent
amounts of catechin concentration.

2.9. Ascorbic Acid Content

Vitamin C was measured by HPLC with a Diode Array Detector (Ultimate 3000,
Thermo Fisher Scientific, Waltham, MA, USA). Briefly, the extraction of vitamin C was
carried out from 1 g of fruit crushed in 80% methanol. After centrifugation at 15,000× g
for 10 min at 4 ◦C, the supernatant was filtered with a 0.45 µm filter (Fisherbrand, Ottawa,
ON, Canada) and transferred to 2 mL HPLC injection vials. The stationary phase was a
C18 column (Kinetex 150 × 2.1 mm, 5 µM, Phenomenex columns, Torrance, CA, USA) at
40 ◦C. The mobile phase was composed of 0.1% formic acid in milli-Q water (solvent A)
and 100% acetonitrile grade HPLC (solvent B), and the flow rate was set at 1 mL min−1.
The elution of the compounds was performed in gradient mode in the starting proportion
of 90% A and 10% B. The retention peak and maximum UV absorption bands of pure
standards served to identify the compound. Chromeleon console software (Version 7.3,
Thermo Fisher Scientific, Waltham, MA, USA) was used for chromatogram analysis and
the quantification of vitamin C concentration. Results were expressed in grams per liter
(g L−1) per gram of fresh material as the mean ± standard deviation of three replicates.
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2.10. Lycopene Content

Lycopene was quantified by a spectrophotometric method described in [33]. The
absorbance (A) of the extract was measured at 472 nm, and the amount of lycopene content
was calculated with Equation (4):

C =
A × F.d × 106 × Ve

ε× 100 × P
(4)

where C is the concentration in µg g−1 of fresh material, A is the absorbance at 472 nm, F.d
is the dilution factor, Ve is the volume of the total extract, ε is the molar extinction coefficient
of hexane (3450 M−1 cm−1), and P is the weight (in gram) of fruit used for total extract.

2.11. Antioxidant Activities

The antioxidant compounds were extracted from 1 g of fresh fruit crushed in 1.5 mL
of 80% methanol. The mixture was centrifuged, and the supernatant was used to de-
termine the antioxidant activities of the fruit. The antioxidant ability of the extract to
scavenge 2,2-diphenyl-1-picryhydrazyl (DPPH) free radicals was assessed by the method
of [34], with modifications. In this assay, the strength of the antioxidant activity of the
extract corresponds to the degree of discoloration of the DPPH solution by the extract.
Fifty microliters (50 µL) of the extract were mixed with 1450 µL of a methanolic solution of
DPPH radicals (6 × 10−5 mol L−1) (Sigma-Aldrich, Oakville, ON, Canada). The mixture
was vigorously stirred and left in the dark at room temperature for 60 min until stable
absorbance values were obtained. The absorbance of the reaction was read at 517 nm with
a spectrophotometer (UV-1280, Shimadzu Mandel, Guelph, ON, Canada). The antioxidant
activity was expressed as the ratio of the absorbance of the solution containing the extract
to the absorbance of the DPPH solution without the extract.

The antioxidant ability of the extract to scavenge 2,2′-azinobis-(3-ethylbenzothiazoline-6-
sulfonic acid) free radicals (ABTS•+) was assessed by the method of Samaniego et al. (2007) [35],
with some modifications. The radical ABTS•+ was generated by mixing an equal volume
of a potassium persulphate solution with ABTS•+ (Thermo Scientific, Mississauga, ON,
USA). After agitation, the mixture was placed in darkness for 12 to 16 h. The solution
obtained was diluted with PBS (phosphate-buffered saline) to an absorbance of 0.70 ± 0.02,
λ = 734 nm. For the reaction, the methanolic extract 50 µL was added to 1450 µL of the
ABTS•+ solution. The mixture was stirred vigorously and incubated at room temperature
in the dark for 10 min. The absorbance of the reaction mixture was read at 734 nm with a
spectrophotometer against a blank (ABTS•+ solution). The percentage of scavenged free
radicals was expressed as the ratio of the absorbance of the solution containing the extract
to the absorbance of the ABTS•+ solution without the extract.

2.12. Statistical Analysis

The data were expressed as mean ± standard deviation. Analysis of variances (one
factor) of the data and comparison of means were performed using Tukey’s post hoc test at
the 5% probability level (p < 0.05) using GraphPad Prism 8.0 software.

3. Results
3.1. Photosynthesis Rate Remains Similar for FR Supplements During the Vegetative and the
Reproductive Phases

To compare the influence of FR supplements before and after flowering on plants,
bell pepper plants (Capsicum annuum var. Margrethe) were illuminated with a full
spectrum white light supplemented with far-red light at three levels: 5.5 µmol m−2 s−1

(M1), 12 µmol m−2 s−1 (M2), or 18.1 µmol m−2 s−1 (M3). M1 was taken as a refer-
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ence for FR treatment. When FR supplements were started early in the vegetative
phase, the plant photosynthesis, maximum quantum yield, and respiration levels in
response to the photosynthetic light intensity were similar in all three FR treatments
(Tables 2 and 3, Supplementary Figure S3). There was only a slight photosynthesis increase
in response to CO2 in the M2 treatment. In contrast, when FR supplements were delayed
and given upon the appearance of the first flower bud, the maximum quantum yield of
the plants in response to the light intensity was superior in the M1 treatment compared
to M2 and M3 treatments, whereas the efficiency of carboxylation in response to CO2 was
similar for M1 and M3 but low in M2. The rates (Amax) of CO2 assimilation were identical
in all FR treatments either in response to light intensity or CO2. These data indicated
that FR supplements during the vegetative or upon flowering only had minor impacts on
photosynthesis in our study.

Table 2. Photosynthesis parameters determined from light–response curves obtained from plant
leaves exposed to a gradient of far-red supplements at different growth stages.

Amax LCP LR α

Vegetative phase

M1 11.32 ± 0.30a 24.45 ± 6.70a −1.19 ± 0.36a 0.049 ± 0.001a

M2 13.30 ± 1.05a 24.72 ± 3.35a −1.22 ± 0.17a 0.049 ± 0.001a

M3 12.11 ± 1.33a 24.34 ± 0.84a −1.12 ± 0.01a 0.046 ± 0.001b

Reproductive phase

M1 8.70 ± 1.70a 13.61 ± 2.84a −0.70 ± 0.14a 0.052 ± 0.002a

M2 9.01 ± 1.64a 08.56 ± 3.74a −0.15 ± 3.78a 0.039 ± 0.005b

M3 9.96 ± 0.90a 12.65 ± 1.09a −0.60 ± 0.11a 0.047 ± 0.006ab
Far-red light was applied to plants when seedlings were transplanted (vegetative phase) or upon the appearance
of the first flower bud (reproductive phase). Data were collected 28 days after treatment. The light compensation
point (LCP, µmol m−2 s−1), light respiration (LR, µmol CO2 m−2 s−1), and apparent quantum yield (α, µmol
CO2 m−2 s−1/µmol m−2 s−1) were calculated from a regression line (y = mx + b) fitted to the values between
the PAR values of 0–120 µmol m−2 s−1. The maximum assimilation (Amax, µmol CO2 m−2 s−1) was calculated
from y = yo + a × x/(b + x). Values ± SE of the means are representative of n = 3 samples collected during one
representative whole experimental repeat. The experiment with far-red application at the vegetative stage was
repeated three times, and the one with far-red application at the reproductive stage was performed two times (see
further details in Section 2). M1, M2, and M3: 5.5 µmol m−2 s−1, 12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of
far-red supplements, respectively. Significantly different mean values are indicated by different letters; p < 0.05,
one-way ANOVA, Tukey’s post hoc test.

3.2. FR Supplements to the Lighting Stimulated Sweet Pepper Growth Both During the Vegetative
Growth and the Reproductive Growth Phases

We compared the influence of FR supplements on plant growth during the vegetative
phase or after flowering. When FR supplements were started early in the vegetative phase,
we analyzed the aerial growth of the plants for four consecutive weeks and the root biomass
at the end of the production cycle (Figure 2). M2 and M3 FR supplements significantly
increased plant height and internode elongation, whereas M3 reduced the leaf number
compared to M1. None of the FR treatments significantly impacted stem diameter, but
there was a slight decrease in leaf area in M2 and M3 treatments compared to M1 (Table 4).
In addition, M2 and M3 treatments significantly increased the root fresh weight compared
to M1 (Figure 2). The positive effect of FR treatment on the roots was stronger for M2
than for M3 (31.84 ± 1.00 cm versus 23.61 ± 0.85 cm). Likewise, when FR supplements
began only upon the appearance of the first flower bud, M2 and M3 treatments significantly
increased plant height, although the effect on internode lengthening was somewhat less
strong than in the case of lighting during the vegetative growth phase. Fresh weight and
root length were also higher in the M2 and M3 treatments (Figure 3; Table 4). These data
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indicated that FR supplements to sweet pepper increased plant height, internode length,
and root biomass during vegetative and reproductive growth phases. Similar results were
also obtained with two additional cultivars of pepper, indicating that the FR supplements
enhanced the growth independently of the plant cultivar (Figure 4).

Table 3. Photosynthesis parameters derived from CO2–response curves obtained from plant leaves
exposed to a gradient of far-red supplements at different growth stages.

Amax DCP DR ε

Vegetative phase

M1 13.30 ± 1.22a 57.76 ± 0.09a −1.25 ± 0.14a 0.022 ± 0.002a

M2 16.06 ± 0.00a 70.90 ± 5.96a −1.60 ± 0.09a 0.023 ± 0.003a

M3 13.45 ± 2.76a 66.74 ± 7.04a −1.48 ± 0.10a 0.022 ± 0.004a

Reproductive phase

M1 13.74 ± 0.40a 51.55 ± 1.54a −1.04 ± 0.10a 0.020 ± 0.002a

M2 13.57 ± 1.39a 51.32 ± 2.62a −0.78 ± 0.28a 0.015 ± 0.005b

M3 13.95 ± 0.78a 51.62 ± 6.01a −0.58 ± 1.16a 0.021 ± 0.006a
Far-red light was applied to plants when seedlings were transplanted (vegetative phase) or upon the appearance
of the first flower bud (reproductive phase). Data were collected 28 days after treatment. The dark compensation
point (DCP, µmol m−2 s−1), dark respiration (DR, µmol CO2 m−2 s−1), and carboxylation efficiency (ε, µmol CO2
m−2 s−1/µmol m−2 s−1) were calculated from a regression line (y = mx + b) fitted to the values between the CO2
values of 50–300 µmol m−2 s−1. The maximum assimilation (Amax, µmol CO2 m−2 s−1) was calculated from y =
yo + a × x/(b + x). Values ± SE of the means are representative of n = 3 collected during one representative whole
experimental repeat. The experiment with far-red application at the vegetative stage was repeated three times,
and the one with far-red application at the reproductive stage was performed two times (see further details in
Section 2). M1, M2, and M3: 5.5 µmol m−2 s−1, 12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of far-red supplements,
respectively. Significantly different mean values are indicated by different letters; p < 0.05, one-way ANOVA,
Tukey’s post hoc test.
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Figure 2. FR supplements stimulated the vegetative growth of sweet pepper. (A) plant height;
(B) representative images of plants in the three treatments; (C) fresh root weight (FRW), dry root
weight (DRW), and root length (RL); (D) representative images of roots in the three treatments. W1,
W2, W3, and W4: 1, 2, 3, and 4 weeks after the treatments started. M1, M2, and M3: 5.5 µmol m−2 s−1,
12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of far-red supplements, respectively. One, two, and four
asterisks denote statistical significance at p < 0.05, p < 0.01 and p < 0.0001, respectively; one-way
ANOVA, Tukey’s post hoc test. ns: not significant.
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Table 4. Agro-morphological characteristics of bell pepper plants in response to a gradient of
far-red supplements.

Vegetative Stage Reproductive Stage

M1 M2 M3 M1 M2 M3

Plant height (cm) 29.1 ± 0.71b 33.48 ± 0.47a 33.88 ± 0.76a 37.63 ± 2.16b 43.93 ± 2.54a 46.73 ± 5.96a
Leaf number 42.5 ± 2.38a 41.75 ± 1.26a 33.0 ± 0.82b N/A N/A N/A
Leaf area (cm2) 101.1 ± 12.52a 96.87 ± 9.88a 90.1 ± 9.49a N/A N/A N/A
Stem diameter (mm) 8.39 ± 0.35a 8.71 ± 0.51a 8.64 ± 0.23a 8.36 ± 0.63a 8.89 ± 0.45a 8.83 ± 0.19a
Nodes number 8.25 ± 0.50a 8.5 ± 0.58a 9.00 ± 0.0a 20.33 ± 0.58a 19.33 ± 2.31a 17.0 ± 1.0a
Internodes length (cm) 2.92 ± 0.07b 3.32 ± 0.16a 3.37 ± 0.09a 1.78 ± 0.11a 2.08 ± 0.28a 2.53 ± 0.55a

The treatments M1, M2, and M3 denote 5.5 µmol m−2 s−1; 12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of the far-red
supplement, respectively. N/A denotes “non applicable”. The FR supplements were applied to plants when
seedlings were transplanted (vegetative phase) or upon the appearance of the first flower bud (reproductive
phase). Data were collected 28 days after treatment. Values ± SE of the means are representative of n = 4 collected
during one representative whole experimental repeat. The experiment with far-red application at the vegetative
stage was repeated three times, and the one with far-red application at the reproductive stage was performed
two times (see further details in Section 2). Significantly different mean values are indicated by different letters;
p < 0.05, one-way ANOVA, Tukey’s post hoc test.
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Figure 3. FR supplements stimulated the growth of sweet pepper plants during flowering. (A) plant
height; (B) representative images of plants in the three treatments; (C) fresh root weight (RFW), dry
root weight (DRW), and root length (RL); (D) representative images of roots in the three treatments.
W1, W2, W3, and W4: 1, 2, 3, and 4 weeks after treatments started. M1, M2, and M3: 5.5 µmol m−2 s−1;
12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of far-red supplements, respectively. One, two and
four asterisks denote statistical significance at p < 0.05, p < 0.01, and p < 0.0001, respectively; one-way
ANOVA, Tukey’s post hoc test. ns: not significant.

3.3. The Plant Developmental Stage Influences Fruit Yield and Time to Maturation in Response to
FR Supplements

We compared the influence of FR supplements on flower development and fruit yield.
Starting from the appearance of the first flower, the number of subsequent flowers and their
frequency to set fruits were monitored for 14 days. Fruits were counted and monitored on
each plant until fruit maturity. When FR supplements were given early in the vegetative
growth phase, the number of flowers during the first 14 days of flowering was lower for
both M2 and M3 treatments compared to M1 treatment (Table 5). However, the proportion
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of flowers that successfully set fruit remained statistically similar in all treatments, with
a slight improvement in the M2 treatment. The time to fruit set was the same in all three
treatments, but the time to fruit maturation was approximately 5 days shorter in the M3
than in the M2 and M1 FR treatments. Fifty-six fruits were harvested (8.2 kg) in the M2
treatment compared to forty fruits (4.7 kg) and forty-two fruits (6.2 kg) in the M1 and
M3 treatments, respectively (Table 5). When FR supplements were given only upon the
appearance of the first flower bud, fewer flowers formed on plants exposed to M2 and M3
FR supplements compared to plants exposed to M1 FR supplement over the first 14 days
after anthesis (Table 5). M2 and M3 FR supplements also lengthened the time to abortion
of some of the fruits. There was no difference between FR treatments for the time to fruit
set and fruit set rate. However, the time to fruit ripening was 5–8 days longer in the M2
and M3 FR treatments compared to plants exposed to the M1 FR treatment. Forty-six fruits
(5.4 kg) were harvested for the M2 FR treatment compared to thirty-eight fruits (3.6 kg)
and thirty-six fruits (4.3 kg) in the M1 and M3 FR treatments, respectively (Table 5). In
conclusion, the M2 and M3 FR supplements resulted in an 23.9–25.9% increase in the fresh
weight of ripe fruit harvested per plant regardless of the FR application phase. The positive
effect of FR supplements appeared to decrease when FR supplements were given only at
the onset of flowering compared to when FR supplements were given early in vegetative
growth. Although both M2 and M3 FR levels resulted in higher yields than the M1 FR
level, late FR supplementation to the lighting, i.e., from flowering, delayed fruit ripening by
5–8 days and decreased the harvested fruit yield compared to FR supplementation starting
at seedling transplant.
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Figure 4. Representative images of roots and fruits of bell pepper plants in response to a gradient of
far-red supplements. Plant treatments with far-red light were started after seedling transplantation,
i.e., early in the vegetative stage. (A) Capsicum annuum cv. Liberty Belle (LB); (B) Capsicum annuum
cv. Fresh Bites (FB). LB1, LB2, and LB3 as well as FB1, FB2, and FB3 represent 5.5 µmol m−2 s−1;
12 µmol m−2 s−1; and 18.1 µmol m−2 s−1 far-red supplements, respectively.

Table 5. Effects of far-red supplements on the growth of bell pepper (Capsicum annuum cv. Margrethe).

Vegetative Stage Reproductive Stage

M1 M2 M3 M1 M2 M3

Time to flowering (days) 1 46.25 ± 0.50c 49.5 ± 1.0b 55.75 ± 1.5a N/A N/A N/A
Number of flowers 2 10.25 ± 1.26a 7.5 ± 1.29b 3.5 ± 1.29c 9.33 ± 0.58a 3.33 ± 0.58c 5.67 ± 0.58b
Survival time of fallen flowers (days) 2 7.67 ± 1.16b 13.67 ± 1.53a 13.67 ± 0.58a 7.75 ± 1.26b 12.25 ± 0.96a 11.0 ± 3.56ab
Fruits set (%) 2 36.36 ± 8.17a 50.0 ± 5.77a 33.3 ± 5.0a 33.3 ± 11.5a 26.7 ± 5.8a 40.0 ± 10.0a
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Table 5. Cont.

Vegetative Stage Reproductive Stage

M1 M2 M3 M1 M2 M3

Time to fruit set (days) 2 3.50 ± 0.58a 4.0 ± 0.82a 3.25 ± 0.5a 4.67 ± 0.58a 4.67 ± 0.58a 4.33 ± 0.58a
Ripening time (days) 2 59.75 ± 1.26a 59.75 ± 0.96a 54.5 ± 1.92b 63.67 ± 0.58b 69.67 ± 2.52ab 72.0 ± 2.65a
Fruits collected 3 40 56 42 38 46 36
Yields (kg/14 plants) 3 4.692 8.226 6.1698 3.590 5.385 4.281

1 Determined from 4 bell pepper plants (n = 4); 2 only flowers counted during the first 14 days were monitored;
3 results obtained from 14 bell pepper plants (n = 14). Values ± SE of the means are representative of n = 4 or
14 collected during one representative whole experimental repeat. The experiment with far-red application at
the vegetative stage was repeated three times, and the one with far-red application at the reproductive stage was
performed two times (see further details in Section 2) with similar results. M1, M2, and M3: 5.5 µmol m−2 s−1;
12 µmol m−2 s−1; and 18.1 µmol m−2 s−1 of far-red supplements, respectively. Significantly different mean values
are indicated by different letters; p < 0.05, one-way ANOVA, Tukey’s post hoc test.

3.4. FR Modulates Bell Pepper Fruit Size and Morphology

We examined how FR supplements influence the morphology of bell pepper fruits
in each treatment during the vegetative and reproductive phases. When FR supple-
ments were started early in the vegetative phase, FR at 12 µmol m−2 s−1 (M2 treatment,
146.89 ± 5.48 g) and 18.1 µmol m−2 s−1 (M3 treatment, 146.90 ± 5.59 g) significantly in-
creased individual fruit fresh weight by 25.22% and 25.23%, respectively, compared with
FR at 5.5 µmol m−2 s−1 (M1 treatment, 117.30 ± 2.66 g). This was also the case when
the FR supplement started at the onset of flowering in the reproductive phase, whereby
the M2 (117.06 ± 2.75 g) and M3 (118.91 ± 1.64 g) treatments increased individual fruit
fresh weight by 23.9% and 25.9%, respectively, compared with the M1 (94.47 ± 5.43 g)
treatment. Fruit volume tended to be higher in the M2 (184.20 ± 33.43 cm3) and M3
treatments (181.79 ± 35.72 cm3) compared to the M1 treatment (129.06 ± 24.01 cm3) when
FR supplements were started early in the vegetative phase. However, the differences in
fruit volume were not statistically significant due to the large standard errors of the mean
values. Similar observations were made on the fruit volume when FR supplements began
at the onset of flowering. Regardless of the time of FR application, none of the treatments
affected fruit dry matter content. However, the thickness of the fruit flesh was notably lower
(p < 0.05) in the M3 treatment compared to the M1 and M2 treatments (Table 6).

Table 6. Effects of far-red supplements on thickness, volume, dry matter content, and fresh weight of
fruit bell pepper (Capsicum annuum cv. Margrethe).

FR Treatment: Beginning at Vegetative Stage Beginning at Reproductive Stage

M1 M2 M3 M1 M2 M3

Thickness (mm) 9.80 ± 0.44ab 10.90 ± 0.82a 8.80 ± 0.45b 8.95 ± 0.34a 8.33 ± 0.60a 5.40 ± 0.25b
Volume (cm3) 129.06 ± 24.01a 184.20 ± 33.43a 181.79 ± 35.72a 121.41 ± 12.09a 151.73 ± 13.16a 158.77 ± 28.24a
Dry matter (%) 7.85 ± 0.55a 7.46 ± 0.56a 6.77 ± 0.68a 8.30 ± 0.14a 6.64 ± 0.05a 6.98 ± 0.37a
Weight (g) 117.30 ± 2.66b 146.89 ± 5.48a 146.90 ± 5.59a 94.47 ± 5.43b 117.06 ± 2.75a 118.91 ± 1.64a

Values ± SE of the means are representative of n = 4 samples collected in one representative whole experimental
repeat. The experiment with far-red application at the vegetative stage was repeated three times, and the one
with far-red application at the reproductive stage was performed two times (see further details in Section 2)
with similar results. M1, M2 and M3: 5.5 µmol m−2 s−1, 12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of far-red
supplements, respectively. Significantly different mean values are indicated by different letters; p < 0.05, one-way
ANOVA, Tukey’s post hoc test.

3.5. FR Increased Sugar, Phenolic Levels, and Vitamin C in Sweet Pepper Fruits Independently of
the Plant Growth Phase at the Time of FR Addition to the Lighting

The fruit soluble sugars, phenolic contents, and extracts’ antioxidant capacity were
examined to assess the fruit quality. We compared the influence of FR supplements on fruit
sugar and phenolic contents during the vegetative phase or after flowering. The mature
fruits were weighed before the soluble sugars and phenolic compounds were determined.
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When FR supplements were given early in the vegetative growth phase, the soluble sugar
content of the fruits and the accumulation of phenolic compounds were significantly
higher for the M2 and M3 compared to the M1 FR treatments (Figure 5A,B and Table 7).
Likewise, when FR supplements were given only upon the appearance of the first flower
bud, the total soluble sugar content was 24% and 20% higher in the fruits of M2 and M3
FR treatments, respectively, compared to the fruits harvested from the M1 treatment. The
fruit phenolic contents increased by 17% and 31% in the M2 and M3 FR supplements,
respectively, compared to fruits in M1 (Figure 6A,B and Table 7). In addition, the M2 and
M3 FR supplements led to a slight increase in ascorbic acid and a net decrease in lycopene
in fruits (Figures 5C,D and 6C,D). In sum, the M2 and M3 FR supplements increased the
soluble sugars and phenolic contents of fruits, independently of the plant growth phase at
the time of FR addition to the lighting.
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Figure 5. Nutritional quality of bell pepper plants in response to a gradient of far-red supplements
early in the vegetative stage. Total soluble sugar content (A), phenolic content (B), ascorbic acid (C),
lycopene (D), ABTS (E), DPPH (F), and representative images of fruit in the three treatments (G). M1,
M2, and M3: 5.5 µmol m−2 s−1; 12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of far-red supplements,
respectively. One, two, three, and four asterisks denote statistical significance at p < 0.05, p < 0.01,
p < 0.001, and p < 0.0001, respectively; one-way ANOVA, Tukey’s post hoc test. ns: not significant.

Table 7. Effects of far-red supplements on bell pepper (Capsicum annuum cv. Margrethe) fruit quality.

FR Treatments: Beginning at Vegetative Stage Beginning at Reproductive Stage

M1 M2 M3 M1 M2 M3

Glucose (mg g−1 MF) 18.96 ± 0.50b 19.70 ± 0.18a 18.50 ± 0.09b 17.52 ± 1.03a 16.77 ± 0.65a 16.56 ± 0.01a
Fructose (mg g−1 MF) 16.55 ± 0.08b 18.49 ± 0.04a 16.23 ± 0.10b 14.96 ± 1.06a 15.89 ± 0.78a 14.26 ± 0.15a
Sucrose (mg g−1 MF) 0.73 ± 0.13a 0.77 ± 0.19a 0.38 ± 0.02b 0.70 ± 0.07a 0.81 ± 0.10a 0.55 ± 0.01b

Values ± SE of the means are representative of n = 4 collected in one representative whole experimental repeat.
The experiment with far-red application at the vegetative stage was repeated three times, and the one with far-red
application at the reproductive stage was performed two times (see further details in Section 2) with similar
results. M1, M2, and M3: 5.5 µmol m−2 s−1, 12 µmol m−2 s−1, and 18.1 µmol m−2 s−1 of far-red supplements,
respectively. Significantly different mean values are indicated by different letters; p < 0.05, one-way ANOVA,
Tukey’s post hoc test.
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Figure 6. Nutritional quality of bell pepper plants exposed to far-red supplements at the onset of the
first flower bud. Total soluble sugar content (A), phenolic content (B), ascorbic acid (C), lycopene (D),
ABTS (E), DPPH (F), and representative images of fruit in the three treatments (G). M1, M,2 and M3:
5.5 µmol m−2 s−1; 12 µmol m−2 s−1; and 18.1 µmol m−2 s−1 of far-red, respectively. One, two, and
four asterisks denote statistical significance at p < 0.05, p < 0.01, and p < 0.0001, respectively; one-way
ANOVA, Tukey’s post hoc test. ns: not significant.

To examine the antioxidant activities in fruits, the methanolic extracts of the mature
fruits collected in each treatment were analyzed with respect to the scavenging of DPPH
and ABTS•+. Compared to the M1 treatment, no significant difference was observed in
the scavenging capacity of the ABTS•+ radical (Figures 5E and 6E). However, the fruit
extracts analyzed in the M2 and M3 treatments had a high DPPH free radical scavenging
capacity when FR supplements were given early in the vegetative growth phase (68%,
88.5%, and 86.9% for M1, M2, and M3, respectively) and when FR supplements were given
only upon the appearance of the first flower bud (76.5%, 81%, and 81.4% for M1, M2, and
M3, respectively) (Figures 5F and 6F).

4. Discussion
In this study, we investigated whether crop response to FR supplements to the lighting

depends on the plant developmental stage when the supplement begins. Knowing the
appropriate time of adding FR supplements to lighting might help save energy, especially
when constant or everyday FR supplement during the crop life cycle is not necessary for the
yield, we thus compared the growth of bell pepper plants (Capsicum annuum cv. Margrethe)
when they were exposed to FR supplements immediately after seedling transplantation
to when FR supplementation began at the onset of flowering by testing three doses of FR
(5.5, 12, and 18.1 µmol m−2 s−1 FR denoted as M1, M2, and M3 treatments, respectively).
We found that supplementing FR from the time of transplanting seedlings improves fruit
growth and development more than when it is started at the flowering stage (Table 5). In
the latter case, a slowdown in fruit ripening and a decrease in fruit yield were observed,
although both M2 and M3 FR levels resulted in higher yields than the M1 FR level. In
greenhouses and other controlled environments, turning on additional light bulbs for
light supplementation or increasing the output of a light bulb would lead to increased
energy consumption. Our results on pepper plants of the cultivar Margrethe suggest that
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attempts to delay FR supplementation to the flowering stage to save some energy may
be counterproductive. However, the effects on the yield and the delayed flowering may
depend on the growth conditions used and on the cultivars, varieties, or plant species. For
example, Xia and Mattson [36] found that additional FR on Petunia liners resulted in earlier
and faster flowering. Similarly, Owen et al. [37] reported that the effect of FR on flowering
would depend on the photosynthetic daily light integral (DLI). Under low DLIs, long-day
plants petunia and snapdragon flowered early under mixed red + white + FR lighting,
whereas under high DLIs, flowering could be promoted to the same degree in the absence
of FR. Thus, the effects of FR supplements are species-specific and depend on the overall
lighting conditions.

Flower numbers were lower in the treatments with higher FR levels, and fruit set was
similar among the three FR levels. However, total fruit number harvested was significantly
higher in M2 FR level (Table 5). This seems contradictory, but two elements contributed to
the higher yield in M2. There was a delay in the flowering for the first fourteen days, but this
delay progressively disappeared later in M2 and M3. This was observed in all experimental
repeats. Also, the appearance of flowers was almost continuous in M2 and M3, whereas it
was rather periodic and discontinuous in M1. These two effects were present regardless of
the type of experiment, i.e., FR application at the vegetative stage or reproductive stage, and
we would assume that they were the two major contributing factors to the total fruit yield,
particularly in M2. The reduced number of flowers within the first 14 days of flowering
of plants that received a lower R:FR ratio (M2 and M3 treatments) regardless of when
the FR supplement was applied (Table 5) might result from the effect of the FR receptor,
phytochrome B (phyB), on flowering. FR radiation is perceived by the photoreceptor
phyB, which exists in its active form Pfr and inactive form Pr. FR light turns Pfr into Pr,
whereas red light turns Pr into Pfr [38]. In Arabidopsis, the stabilization of the rhythmically
expressed CONSTANS (CO) is necessary for the activation of FLOWERING LOCUS T (FT),
resulting in the initiation of flowering [39]. The CONSTITUTIVE PHOTOMORPHOGENIC
1-SUPPRESSOR OF PHYA-105 1 (COP1-SPA1) ubiquitin ligase complex promotes the
turnover of CO [40–42]. Hadju et al. [43] showed that the induction of FT requires phyB
Pfr, the light-activated Pfr form of phyB, which inhibits the function of the COP1-SPA1
complex by physical interactions and causes CO protein to accumulate [44,45]. Indeed, the
biochemical and genetic depletion of Pfr in the night reversed the inhibitory effect of phyB
on COP1, and far-red pulses (that convert active Pfr to inactive Pr) eliminated the FT peak in
wild-type Arabidopsis plants [43]. Since FR supplements accelerate the conversion of Pfr to
Pr in A. thaliana, the delay of flowering observed in our M2 and M3 treatments might result
from increased COP1-SPA1 activity and reduced CO and FT accumulation. This hypothesis
shall be validated experimentally. In comparison to the fruit yield in M2 and M3 treatments
when FR supplementation begins at the vegetative phase (Table 5), we hypothesize that
the lower yield in M2 and M3 treatments and delayed fruit maturation we noticed when
FR supplementation began at the onset of flowering could stem from FR light repression
on the metabolic activities in the growing sink organs. For example, in tomato fruits in
the red ripe stage, knockout mutations of the phyA, phyB1, and phyB2 genes impaired
ripening-associated carotenoid accumulation [46,47], and tomato PHYB1 and PHYB2 were
found to have a greater impact on ripening-associated methylation reprogramming (the
inhibition of the transcription) across gene-rich genomic regions in tomato fruits [48]. In
agreement with this, we noticed that the fruits harvested in the M2 and M3 treatments were
red pale compared to the dark red fruits collected in the M1 treatment (Figures 5G and 6G).

Although flowering was delayed for a few days in plants supplemented with 12 (M2)
or 18.1 (M3) µmol m−2 s−1 FR, the percentage of fruit set tended to be higher (but not
statistically significant) for the M2 plants than for plants in M1 and M3 FR treatments
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(Table 5). This also contributed to the higher fruit yield of M2-treated plants. In [49,50],
it was found that fruit set is influenced by the plant’s genetic background and fruit size
and that fruit set was lower in pepper cultivars with large fruits than in cultivars with
small fruit, owing to the higher sink demand and competition between the growing large
fruits. We tested two additional pepper cultivars: Liberty Belle producing big fruits and
Fresh Bites producing small-elongated fruits. We repeatedly observed better development
and yield in plants exposed to the M2 treatment than in the M3 treatment (Figure 4). Our
observation that merely 12 µmol m−2 s−1 FR led to more fruits than 18.1 µmol m−2 s−1

FR supplement seemed independent of the genetic backgrounds of the cultivars used.
Compared to previous studies, 5–10-fold higher levels of FR have been used to supplement
the lighting growth [22–24,51]. Accordingly, adverse effects of FR supplements were
reported, including more susceptibility to stress factors and reduced fruit set [20,22–25].
Our dose–response analysis of the FR-supplemented plants indicated that as small as
12 µmol m−2 s−1 FR supplement may be sufficient to boost yield in pepper, whereas
18.1 µmol m−2 s−1 FR supplement compared to 5.5 µmol m−2 s−1 FR supplement could
accelerate ripening when the light treatment was applied during the vegetative stage or
could delay ripening when the light treatment was given at the onset of flowering (Table 5).

The sugar content of sweet pepper gives the fruit a sweet flavor to spicy taste. We
found that the exposure of pepper plants to 12 (M2) or 18.1 (M3) µmol m−2 s−1 FR sup-
plement resulted in a significant increase in fructose and total soluble sugars (Table 7).
Similar results were also reported in tomatoes [52], demonstrating the effectiveness of FR
in increasing total sugar levels in tomato and pepper. As shown in tomato, the induction of
genes involved in sugar transport and metabolism by FR light explained this effect [52].
One caveat is that the fruits were considered mature in our study when they had a total
red hue. This undoubtedly bears some subjectivity. Accordingly, the difference observed
in the sugar content between the two stages of treatment (vegetative and reproductive;
Figures 5A and 6A) might indeed be due to the fruits selected for the analysis, with the two
types of experiment not having been carried out at the same time during the year. A PPFD of
110 µmol m−2 s−1 that was used in this study is suboptimal for bell pepper. However, the
study was undertaken in the context of growing pepper in greenhouses during the Cana-
dian and Quebec winter season, when average daily light integral (DLI) varies between 4
and 8 mol m−2 d−1.

We did not examine the susceptibility of plants exposed to FR supplements to biotic
stress factors. Several reports indicated that while FR may boost plant growth and yield,
it also increases plant susceptibility to pathogens [20,24,25]. Considering the outcomes
of our dose–response analysis of FR supplementation, we are currently examining how
plants exposed to rather low levels of FR would respond to pathogen attack or abiotic stress
factors. Similarly, the molecular mechanisms that underlie the observations reported in
this study are being investigated.

5. Conclusions
This study aimed to examine the effect of FR supplements on pepper at two plant

developmental stages in a controlled environment: the vegetative growth phase and the
generative growth phase. We found that both 12 and 18.1 µmol m−2 s−1 FR supplements
resulted in a 23.9–25.9% increase in the fruit fresh weight per plant, increased plant size, and
enhanced soluble sugars and phenolic compounds content of fruits. However, the fruit set
and yield were better with 12 µmol m−2 s−1 FR supplement than with 18.1 µmol m−2 s−1

FR supplement. Moreover, the positive effect of FR supplement on the pepper cultivar
Margrethe appeared to depend on the plant’s growth phase: late FR supplementation, i.e.,
from flowering, delayed fruit ripening by 5–8 days and decreased fruit yield compared to
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FR supplementation that began at seedling transplant, whereas early FR supplementation
did not. It should be noted that other cultivars or varieties may respond differently to FR,
depending on the light intensity used and the plant genetic background. As a consequence,
the economic trade-offs between the genotype’s yield improvement by FR and the costs
of the additional materials and energy required for FR supplement starting from the crop
vegetative growth stage should first be examined.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/agronomy15030732/s1, Figure S1. Representative images of bell
pepper plants in the three treatment compartments of the growth room. Figure S2. HPLC chro-
matogram and integration data of the analyses of selected sugar molecules. Figure S3. Photosynthetic
activity response.
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Abbreviations
The following abbreviations are used in this manuscript:

A Assimilation
ABTS•+ 2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) free radicals
Amax Maximum assimilation
Ci Intracellular CO2

DCP Dark compensation point
DLI Daily light integral
DPPH 2,2-diphenyl-1-picryhydrazyl
DR Dark respiration
DRW Dry root weight
FB Fresh Bites
FR Far-red
FRW Fresh root weight
HPLC High Performance Liquid Chromatography
LA Leaf area
LB Liberty Belle
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LCP Light compensation point
LEDs Light emitting diodes
LR Light respiration
M1 5.5 µmol m−2 s−1 far-red supplement
M2 12 µmol m−2 s−1 far-red supplement
M3 18.1 µmol m−2 s−1 far-red supplement
PFD Photon flux density
PPFD Photosynthetic photon flux density (µmol m−2 s−1)
R:FR Photonic irradiance (666–775 nm)/photonic irradiance (725–735 nm)
RL Root length
α Apparent quantum yield
ε Carboxylation efficiency
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