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Abstract

The effects of shortened light/dark cycles (8/4 h and 4/2 h) on the growth, productivity, and
nutritional value of baby leaf vegetables (borage, fenugreek, pea, and sunflower) and microgreens
(arugula, broccoli, mizuna, and radish) were evaluated under controlled environment. Control plants
were cultivated under 16/8 h photoperiod. The intermittent lighting influenced the quantitative and
qualitative parameters of plant growth and yield (fresh weight, robustness index, dty matter content,
nutritional value) , yet plant responses were species specific. It is suggested that plant response to
shortened light-dark cycles depends on their tolerance/sensitivity to circadian asynchrony, which
occurs when external L/D cycles do not coincide with the endogenous circadian rhythms. In areas
with time-of-use electricity rates, scheduling lighting during off-peak hours can significantly reduce
production costs. It was shown that shortened light-dark cycles can serve as the basis for cost-
effective lighting regimes based on electricity tariffs with peak, standatd and off-peak time bands.
Thus, intermittent irradiation regime with customized periods (7/4/9/4 h) has been shown to enhance
crop yield and qualty or not affect them under equivalent energy consumption while reducing
lighting energy costs by 25-45% compared to conventional 16/8 h photoperiod by maximizing the use
of off-peak hours.

Keywords: abnormal light/dark cycles; energy cost; intermittent lighting; lighting strategy; plant
factory

1. Introduction

Light, along with temperature and moisture, is the most important environmental factor
affecting plant growth and development, and plays a particularly significant regulatory role in the
cultivation of crops in closed systems using artificial lighting. Farming under supplemental or full
artificial light has become essential for efficient production in modern agriculture and is steadily
growing in scale [Liu et al., 2025]. In plant factories with artificial lighting (PFALs), the largest
consumer of electricity is the artificial lighting system, accounting for 57% of total energy costs,
followed by heating and cooling costs at 37% [2-5]. The high electricity consumption of plant factories
poses a new challenge because the increased energy demand may offset the benefits [5]. Therefore,
the potential for energy savings remains to be further investigated.

An important new factor in indoor plant cultivation is the independence from the solar circadian
cycle, which allows growers to use different lighting regimes [6]. In particular, the structure of these
lighting regimes includes changes in photoperiod duration and light intensity, cyclic lighting regimes
(increasing the number of light/dark (L/D) cycles over a 24-hour period with the same total light
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duration and intensity), as well as intermittent and fluctuating lighting (with intervals from 60 s to
60 min) [1,6].

Cyclic lighting regimes employ more than one L/D cycle within 24 hours, with varying durations
of light and dark periods measured in hours. Key parameters of intermittent lighting are the cycle
duration, the frequency of L/D cycles, and duty ratio (the proportion of light time in a cycle to the
whole cycle time). In comparison, traditional natural lighting contains only one L/D cycle in a 24-
hour circadian rhythm [1]. Typically, experiments studying different L/D cycles have the same
amount of light over a 24-hour period, usually with the same total number of light hours distributed
differently throughout the day [6].

The results of studies examining the effects of shortened L/D cycles on plant productivity and
quality vary significantly across crops and depending on the parameters of the L/D cycle. A number
of studies [7-10] have shown that maximum yield and quality are achieved by maintaining a single
long cycle. For example, lettuce yield was highest for 1 cycle (16/8 h) compared with 2 (9/3 h) and 3
(6/2 h) cycles [8], 1 cycle 8/16 h compared with 4/8 h and 2.67/5.33 h, and 12/12 h L/D cycle compared
with 6/6 h and 3/3 h [7,8]. Increasing the number of cycles and decreasing the L/D period from 2 cycles
(6/6 h) to 4 cycles (3/3 h) and 3 cycles (4/4 h) decreased biomass accumulation, leaf area, and maximum
photosynthetic rate in lettuce [9,10]. The chlorophyll content of lettuce leaves was higher in the 12/12
h treatment compared to 6/6 h and 3/3 h; however, no differences were noted between the 6/6 h and
4/4 h treatments and between 18/6, 9/3, 6/2 h) [8-10]. However, in another study, the chlorophyll
content of lettuce leaves was higher under 8/4, 3/1.5, and 2/1 h cycles compared to a single 16/8 h
cycle [11]. In stevia, fresh product yield decreased when grown under 5.3/2.7 h cycles, although dry
product yield remained unchanged compared to the standard 18/6 h cycle [12]. Several studies have
noted a negative effect of the shortened 6/6 h regime on tomato and eggplant plants [13,14] and no
effect on hot pepper [13]. However, another study reported no effect of short cycles on tomato
seedling growth, while cucumber yield decreased as the number of cycles increased from 18/6 h to
9/3 h and 6/2 h [15], although a decrease in chlorophyll content was noted in both species. In contrast,
several studies have demonstrated that shortened L/D cycles can provide higher productivity and
better quality while maintaining the same energy consumption as traditional lighting [11,16-18]. For
example, lettuce yield increased under 4/2, 3/1.5, and 2/1 h cycles compared to a 16/8 h photoperiod
[11]. Moreover, under 8/4, 6/3 and 4/2 h cycles, the sweetness and crunchiness of lettuce significantly
improved. The quality of pea microgreens was improved under shortened 8/4 and 4/4 h cycles [18].
Optimal conditions for efficient growth of leaf lettuce were identified by [19]: a light/dark ratio of 2
and a cycle duration ranging from 15 to 22 h, based on equal total light exposure time.

In most studies of the effects of abnormal LD cycles the crop studied was lettuce, although there
are some reports on fruit, ornamental, and model (Arabidopsis thaliana) crops [1,6]. In this work, the
objects of study were important commercial crops (borage, fenugreek, sunflower, pea, arugula,
broccoli, mizuna, radish) grown as baby leaf or microgreens, representing four families (Boraginaceae,
Fabaceae, Asteraceae, and Brassicaceae). All of these crops are used as functional foods for healthy
nutrition.

The initial aim of this study was to evaluate the effects of shortened L/D cycles (8/4 h and 4/2 h)
on the growth, productivity, and nutritional value of baby leaf vegetables and microgreens. Plant
growth, yield, soluble carbohydrate and protein content, and antioxidant compounds were assessed.
Based on these results, a second series of experiments examined plant physiological response to cost-
effective lighting mode (CELM) 9 h light/4 h dark/ 7 h light /4 h dark designed taking into account
tariffs with time discrimination when the price per kWh of electricity is higher during the day (peak
and standard) than during the night (off-peak) resulting in 25-45% reduction in electricity costs
compared to conventional 16/8 h photoperiod.

2. Results
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2.1. Plant Responses to Shortened Light/Dark Cycles 8/4 h and 4/2 h

There were no any signs of leaf photodamage in baby leaf vegetables and microgreens grown
under shortened L/D cycles 8/4 and 4/2 h (Figure 1).

(a) (b) (©

Figure 1. (a) Broccoli, mizuna and arugula microgreens and pea shoots (top down) grown under 16/8, 8/4 and

4/2 h light-dark cycles; (b) borage, fenugreek and sunflower and (c) green radish (top) and radish Sango (bottom)
microgreens, grown under 16/8 h photoperiod (left) and cost-effective lighting mode (CELM) (right).

Baby leaf vegetables. Overall, biomass accumulation was not slowed by shortened L/D cycles. As
reported in Table 1, fresh yield of borago and fenugreek grown under shortened L/D cycles did not
differ from that of the control (16/8 h) plants, while LMA values in plants grown under 8/4 h and 4/2
h cycles were slightly higher compared to control plants in borago and lower in fenugreek. Pea shoots
fresh weight increased (20%) in plants treated by 8/4 h cycle. There were no significant differences in
the dry matter content among treatments in borago, fenugreek and pea shoots.

Shortened L/D cycles did not have a negative impact on baby leaf photosynthetic activity. The
chlorophyll fluorescence parameter Fo/Fu reflects the maximum quantum efficiency of photosystem
II photochemistry and has been widely used for early stress

Table 1. Physiological and biochemical parameters of baby leaf vegetable plants (borago and fenugreek) grown
under shortened light-dark cycles.

Light-dark cycle, h

Parameter 16/8 8/4 412
Borago

Yield, g FW dm? 28.2+1.8 a 28.8+3.2 a 30.0+1.3 a
LMA, mg DW cm? 2.26+0.11b 2.62+0.15 a 2.43+0.04 a
Dry matter content, g kg! 63.3£2.6 a 67.242.8 a 59.4+3.2 a
Fo/Fun 0.831+0.002 a 0.833+0.003 a 0.830+0.003 a
Chl a+b, mg DW g 9.02+0.54 ¢ 10.76+0.70 b 12.71+1.00 a
Carotenoids, mg DW g-! 1.26+0.09 a 1.28+0.17 a 1.03+0.27 a
REL, % 16.05+0.23 a 12.76+0.96 c 14.91+0.37 b
MDA, umol g' FW 14.8+0.6 a 16.2+1.0 a 15.6+0.4 a
H20», umol g' FW 0.37+0.02 a 0.40+0.01 a 0.15+0.01 b
SOD, U mg! protein 5.0+0.4 a 4.2+0.6 a 44+1.6a
CAT, pumol/(mg protein min) 31.5+1.4 a 26.5+1.1b 23.4+1.9b
GPX, umol mg! protein min-! 5.1+0.6 b 8.1+19a 8.8+1.8 a
Soluble sugars, mg g DW 250.4+4.9 c 307.5+2.8 a 276.9+8.1 b
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Protein, mg g' FW 168.4+4.1 b 178.9£10.6 ab 201.9+11.3 a
Fenugreek
Yield, g FW dm? 24.6+0.8 a 27.0+1.6 a 249+2.0 a
LMA, mg DW cm? 2.61+0.18 a 2.49+0.10 a 2.36+0.14 a
Dry matter content, g kg 92.6+0.3 a 92.2+0.6 a 92.8+0.2 a
Fo/Fm 0.834+0.002 a 0.829+0.010 a 0.833+0.009 a
Chl a+b, mg DW g1 10.62+0.94 b 10.53+0.65 b 13.01+1.01 a
Carotenoids, mg DW g 1.50+0.08 b 1.83+0.14 a 1.77+0.15 a
REL, % 14.32+0.55 a 14.96+0.50 a 14.19+0.77 a
MDA, pmol g' FW 18.6+0.7 a 18.1+0.8 a 17.8+0.9 a
H20;z, umol g FW 0.87+0.13 a 0.94+0.06 a 0.78+0.07 a
SOD, U mg protein 6.7+0.4 a 59+1.0 a 5.4+1.3 a
CAT, pumol/(mg protein min) 26.0£1.7 b 342+1.8 a 31.9+25a
GPX, umol mg-! protein min-! 2585+102 a 2347+143 a 2101+131 a
Soluble sugars, mg g DW 288.5£36.4 b 371.7#24.0 a 361.9+6.6 a
Protein, mg g'! FW 213.7£10.6 a 202.4+75a 241.1+19.2 a
Pea shoots

Shoot FW, g 0.54+0.02 b 0.65+0.02 a 0.58+0.03 b
LMA, mg DW cm? 1.68+0.08 a 1.73+0.07 a 1.56+0.06 a
Dry matter content, g kg 54.6+0.4 a 60.5+0.6 a 57.4+04 a
Fo/Fn 0.790+0.002 a 0.802+0.008 a 0.799+0.008 a
Chl a+b, mg DW g1 14.37+0.67 b 16.40+£1.23 a 16.83+0.72 a
Carotenoids, mg DW g-! 1.82+0.10 a 1.98+0.18 a 1.99+0.12 a
MDA, pmol g' FW 59.7+2.3 b 61.6+2.6 b 72.5+6.1 a
H20z, umol g' FW 0.68+0.05 b 0.85+0.09 a 1.03+0.09 a
SOD, U mg protein 2.4+0.2b 3.5+0.1 a 2.1+0.3 b
CAT, pmol/(mg protein min) 21.2+19b 28.4+1.9 a 24.8+2.7 a
GPX, umol mg! protein min-! 498+68 b 686148 a 718462 a
Soluble sugars, mg g' DW 320.9+11.4 a 300.8£12.1 b 300.2+14.6 b
Protein, mg g! FW 36.0+2.1 a 32.7¢19 a 34.6x1.2 a

Different letters for each plant species indicate significant differences between the mean values at p< 0.05.

detection in plants (Table 1). Its values were unaffected by shortened L/D cycles in all three
species. Total chlorophyll (Chl) content in borago leaves increased by 19% and 40% in plants treated
by 8/4 h and 4/2 h cycles, respectively. In fenugreek, Chl content increased (23%) in plants treated by
4/2 h cycle. Carotenoid content was not significantly influenced by shortened L/D cycles in borago
leaves, by increased under 8/4 (22%) and 4/2 h (18%) cycles in fenugreek leaves.

The contents of anthocyanins, flavonoids, proline and ascorbic acid in baby leaves of all three
crops did not differ from those in control (Table A1l).

Shortened L/D cycles did not cause an oxidative stress in plants. The content of malondialdehyde
(MDA) did not differ from that in control plants (Table 1). MDA being the end product of lipid
peroxidation is usually used as a biomarker to measure oxidative stress in various biological samples.
The level of hydrogen peroxide (H202), a potential stress inducer, was not elevated in plants treated
by shortened L/D cycles. We also did not observe any increase in relative electrolyte leakage (REL),
an indicator of physical damage to cell membranes.

The plant response, assessed by the activity of antioxidant enzymes, was species-specific. Thus,
the activity of superoxide dismutase (SOD) did not change, increasing only in pea shoots (45%)
treated by 8/4 h cycle (Table 1). Catalase (CAT) activity increased in fenugreek (32 and 23%) and pea
(34 and 17%) under the influence of 8/4 and 4/2 h cycles, but decreased (16 and 26%) in borage.
Guaiacol peroxidase (GPX) activity increased in borago (59 and 73%) and pea (38 and 44%) in
response to 8/4 h and 4/2 h cycles, but remained unchanged in fenugreek.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Soluble sugar content increased in borage (23 and 11%) and fenugreek (29 and 25%) under the
8/4 h and 4/2 h cycles, while it decreased slightly (6%) in pea shoots (Table 1). Protein content
increased (6 and 20%) only in borage leaves treated by the 8/4 and 4/2 h cycles.

Microgreens. The response of arugula, broccoli and mizuna microgreens to shortened L/D cycles
was generally similar to that of baby leaf vegetables, and species-specificity was also observed. Fresh
yield was increased by 20 and 12% compared to control in arugula microgreens treated by 8/4 h (20%)
and 4/2 h (12%) cycles (Table 2). Broccoli and mizuna microgreen fresh yield did not differ from that
of control. LMA values were higher in arugula plants treated by both shortened L/D cycles and in
broccoli plants treated by 8/4 h cycle. The highest dry matter content was recorded in broccoli
microgreens treated by 8/4 h cycle. The robustness index (RI, dry mass per unit of stem volume) was
not influenced by shortened L/D cycles.

Total Chl content increased (41%) compared to control in arugula microgreens treated by both
L/D cycles, while it was similar to control in broccoli microgreens (Table 2). The 4/2 h cycle decreased
(13%) total Chl content in mizuna microgreens. Carotenoid content was higher in arugula
microgreens grown under 8/4 h (53%) and 4/2 h (43%) cycles. In broccoli, carotenoid content did not
differ from the control, while in mizuna, it was reduced (30%) under the 4/2 h cycle.

Shortened L/D cycles had no effect on anthocyanin and flavonoid content, except for a 24%
increase in anthocyanin content in mizuna under the 8/4 h cycle and a 50% decrease in flavonoid
content in broccoli under the 4/2 h cycle (Table A2).

An increase in MDA content was noted, respectively, in arugula (24%) treated by the 8/4 h cycle
and mizuna (35%) treated by the 4/2 h cycle (Table 2). An increase in hydrogen peroxide content was
observed only in mizuna microgreens as a result of exposure to 8/4 h (19%) and 4/2 h (24%) cycles.
Regarding antioxidant enzyme activity, SOD activity was reduced in broccoli (49 and 78%) and
mizuna (37 and 13%) under the 8/4 h and 4/2 h cycles, while CAT activity increased (35%) in arugula
under the 8/4 h cycle and decreased

Table 2. Physiological and biochemical parameters of microgreens (arugula, broccoli and mizuna) grown under

shortened light-dark cycles.

Light-dark cycle, h

Parameter

16/8 8/4 4/2
Arugula
Shoot FW, mg 64.7+3.0 b 77.4+3.0 a 72.6+4.0 a
LMA, mg DW cm? 1.83+0.07 b 2.11+0.20 a 2.07+0.05 a
Dry matter content, g kg 61.0+2.3 a 57.0£2.6 a 55.3+3.0 a
Robustness index 10.2+0.5 a 11.3+0.8 a 10.520.6 a
Chl a+b, mg DW g 11.64+0.70 b 16.43+0.29 a 16.44+0.79 a
Carotenoids, mg DW g1 1.33+0.04 b 2.04+0.05 a 1.90+0.10 a
MDA, pmol g' FW 11.6+0.7 b 14.4+1.4 a 12.1+0.9 ab
H20», umol g'' FW 0.65+0.03 a 0.63+0.05 a 0.60+0.04 a
SOD, U mg! protein 2.8+0.2 a 22+04 a 2.4+0.6 a
CAT, pumol/(mg protein min) 12.742.2 b 17.2+1.9 a 10.1£3.1b
GPX, umol mg! protein min-! 21.5+4.1 a 179432 a 16.6+2.0 a
Soluble sugars, mg g DW 411.6+32.6 b 521.8+18.9 a 479.4+37.9 ab
Protein, mg g' FW 21.8+15b 19.2+0.9 ab 18.1+0.7 a
Broccoli

Shoot FW, g 115.249.0 a 114.9£7.0 a 124.1£7.0 a
LMA, mg DW cm? 1.87+0.05 b 2.35+0.15 a 1.83+0.04 b
Dry matter content, g kg! 52.0+£2.5b 59.0£2.2 a 54.0+£3.0 ab
Robustness index 10.1+0.8 a 9.7+0.7 a 9.6+0.6 a
Chl a+b, mg DW g1 12.68+0.69 a 14.49+1.06 a 12.84+1.25 a
Carotenoids, mg DW g 1.79+0.07 a 1.68+0.07 a 1.67+0.18 a
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MDA, pmol g' FW 19.6+3.3 a 15.6+0.5 a 15.1+0.7 a
H20;, umol g FW 0.66+0.06 a 0.57+0.02 a 0.63+0.14 a
SOD, U mg protein 4.9+09 a 2.5+0.5 ab 1.1+0.4 b
CAT, pmol/(mg protein min) 225+35a 215422 a 17.7¢14Db
GPX, pumol mg™! protein min!  108.9+13.4 a 94.0+£3.7 a 99.3+7.9 a
Soluble sugars, mg g' DW 292.3+19.2 b 342.4+119 a 296.3£22.2 b
Protein, mg g FW 18.8+1.6 a 16.9+0.4 a 16.3x1.3 a
Mizuna
Shoot FW, g 75.0+4.0 a 70.9+3.0 a 72.2+4.0 a
LMA, mg DW cm? 1.99+0.18 a 1.91+0.10 a 1.75+0.04 b
Dry matter content, g kg! 53.1+24 a 50.1+2.1a 51.0+2.5a
Robustness index 10.8+0.5 a 9.8+0.7 a 10.5+0.7 a
Chl a+b, mg DW g 11.83+0.39 a 11.39+0.63 a 10.27+0.48 b
Carotenoids, mg DW g 1.68+0.09 a 1.47+0.12 a 1.17+0.16 b
MDA, pmol g' FW 18.6+1.1 b 16.2+1.5b 25.1+2.1a
H20;, umol g FW 0.47+0.03 c 0.56+0.02 b 1.14+0.06 a
SOD, U mg! protein 6.8+0.5 a 4.3+04b 5.9+0.2 ab
CAT, pmol/(mg protein min) 26.0+8.3 a 15.6+4.3 b 10.6+1.2 b
GPX, umol mg! protein min?!  148.6+16.0 a 128.4+7.5 a 195.6+15.0 a
Soluble sugars, mg g DW 438.1+22.6 b 500.8£23.4 a 293.9+18.0 b
Protein, mg g FW 16.7+0.7 b 18.5+0.8 a 14.7+0.3 ¢

Different letters for each plant species indicate significant differences between the mean values at p< 0.05. (40

and 59%) in mizuna under both shortened L/D cycles. GPX activity remained unchanged.

Proline content was increased compared to control under 4/2 h cycle in broccoli (23%) and
mizuna (12%) (Table A2). In all crops in all shortened LDC treatments, except for mizuna under the
conditions of a 4/2 h cycle, an increase (14-27%) in the content of soluble sugars was noted (Table 2).
Protein content was increased (11%) only by the 8/4 h cycle in mizuna microgreens. In arugula under
both shortened L/D cycles and in mizuna under the 4/2 h cycle, the protein content decreased by 12-
17%.

2.2. Plant Responses to the Cost-Effective Lighting Mode (CELM)

The plant response to the cost-effective lighting mode (CELM) was tested on economically
important crops (baby leaf vegetables and microgreens) from four various families: borage
(Boraginaceae), fenugreek (Fabaceae), sunflower (Asteraceae), and radish (Brassicaceae). Green and
purple radish varieties were also used.

Table 3 shows that fresh yield and dry matter content of borago, fenugreek and sunflower and
green radish microgreens grown under CELM did not differ from control values, while fresh yield of
radish Sango was higher (26%) than that in the control. LMA values in radish Sango were higher
(22%) compared to the control. Dry matter content was not affected by CELM.

Table 3. Physiological and biochemical parameters of plants grown under different light-dark cycles (16/8 h and

CELM).
Parameter Lighting Borago Fenugreek Sunflower Gre.en Radish
mode radish Sango
Yield, g FW dm? 16/8h 249431 a 14.6:0.7a  60.5£3.5a 27.2£1.7 a 33.5£1.1b
CELM 25.1+5.2 a 16.0£0.8a  68.8+6.0a 25.1+3.7 a 42.1+2.5a
LMA, mgDW cm- 16/8h 2.16+0.10a 2.17#0.10a 4.69+0.33 a 43+0.3 a 3.740.3 b
2 CELM 2.38+0.17a 2.38+0.16a 4.74+0.31a 4.5+0.4 a 4.7+0.3 a
Dry matter 16/8 h 56.843.4 a 772+41a  723+3.1a 92.1+2.3 a 77.6+1.6 a
content,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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g kg CELM 60.4+3.1 a 78.3+3.6 a 69.7+3.0 a 91.6+2.5 a 73.6+2.2 a
16/8 h 0.831+0.002  0.836+0.00  0.831+0.005 - -
EJJE a la a
o CELM 0.833+0.002  0.830+0.00  0.833+0.006 - -
a 2a a
Chl a+b, mg g 16/8 h 13.65+0.30 a  10.16+1.03  6.90+0.45 a 9.840.5 a 6.1+0.2 a
DW a
CELM 12.40+049a 12.49+1.30 5.79+0.70 a 7.5+0.2b 6.120.3 a
a
Carotenoids, 16/8 h 2.18+0.19a 1.44+0.22a 1.01+0.05a 1.0+£0.1 a 0.9+0.1 a
mg g' DW CELM 1.98+0.12a 1.79+0.11a 1.01+0.14a 1.2+0.1 a 0.8+0.1 a
Anthocyanins, 16/8 h 0.50£0.04a 0.68+0.03a 0.39+0.04 a 0.7#0.1 a 15.3+0.7 b
(A530 — 0.25A657) CELM 0.47+0.03a 0.68+0.09a 0.35+0.03 a 0.840.1 a 21.2+1.0 a
g FW
16/8 h 14.72+1.10  14.59+1.36  32.72+1.56 23.2+3.2 a 36.3:3.4b
Flavonoids, b a a
A300 g "FW CELM 15.76+0.64 a 13.66+1.14  30.02+3.82 25.842.1 a 44.0+2.3 a
a a
REL, % 16/8 h 22.3+2.1 a 25.4+5.9 a 13.4+0.9 a 18.8+0.8 a 15.1+0.8 a
CELM 19.4+0.6 a 25.5+6.1 a 15.2+0.5 a 17.5+1.2 a 12.1£29b
MDA, 16/8 h 14.5+0.6 b 14.2+0.3 a 28.5+1.2 a 189+15b 482+67 a
umol gt FW CELM 19.3£1.6 a 14.5+0.2 a 28.6+1.3 a 230+19 a 487+70 a
H20, 16/8 h 0.67+0.08 a 0.16+0.02a 1.41+£0.12a 0.67+0.09a  1.38+0.07 a
umol g1 FW CELM 0.68+0.07 a 0.17+0 a 1.28+0.11a 0.64+0.08a  1.29+0.05 a
SOD, U mg! 16/8 h 5.2+0.8 a 5.8+0.1 a 3.3+0.3 b 2.8+0.3 a 2.0+0.4 a
protein CELM 43£19a 6.4+0.7 a 5.9+0.2a 2.7#0.3 a 1.9+0.1a
CAT, ymol mg! 16/8 h 25.1+1.1a 17.4+1.2 b 13.3+1.6 a 7.2+0.5b 10.1£1.1b
protein min) CELM 22.6+0.7 b 20.7+0.9 a 14.6+0.4 a 12.0+0.8 a 16.4+2.2 a
GPX, umol mg! 16/8 h 17.7+1.6b  2119+203a 53.5+125b  69.2+7.7 b 37.1+4.6 b
protein min) CELM 28.7+2.2a  2340+181a 119.8489a 112.749.0a 47.6+4.9 a
16/8 h 59.1+1.7b  219.0+24.7 137.1#1.2a 523.0+34.0a 1374.0+13.0
Proline, ymol g'  CELM 67.620.6 a a 131.3¢5.0a 549.0+48.0 a a
DW 247.249.0 a 1290.0+41.0
a
16/8 h 295.1+22.5a 254.7+24.8  140.2+17.5 114.0+8.0a 102.0+4.0b
Soluble sugars, CELM 268.0£24.5 a a a 116.0+¢8.0a 145.0+15.0 a
mg g DW 289.9+15.2  134.8+13.7
a a
Protein, mg g 16/8 h 174.1£15.9a 195.3+13.9  194.3+28.7  168.7t174  169.9+8.3 b
W CELM 200.5+15.9 a a a b 189.349.2 a
193.8+2.6a 165.1+8.8a 205.5+119a
Ascorbic acid 16/8 h 82.4+16.3a 135.6+5.3a 83.4+l142a 275+18 a 231+12 b
! CELM 74.7+2.3 a 140.4+12.4  83.5+8.1a 303+23 a 269+24 a

mg g'FW

a

Different letters for each plant species indicate significant differences between the mean values at p< 0.05.

Plants grown under CELM showed no signs of photodamage (Fig. 1b, c). The Fv/Fm values, the

content of Chl and carotenoids corresponded to those of the control plants, with the exception of a
decrease (23%) in the total Chl content in green radish (Table 3).
CELM had no effect on anthocyanin and flavonoid content in borago, fenugreek, sunflower and

green radish, but increased their content respectively by 39 and 21% in radish Sango (Table 3).
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No obvious signs of oxidative stress were observed in plants grown under CELM. Thus, the
values of REL and hydrogen peroxide content in plants treared by CELM did not differ from those
in the control plants. However, in borago and green radish the content of MDA was increased by
CELM (Table 3). Similar to the results described above for shortened LDCs, species specificity was
observed in the change in antioxidant enzyme activity under CELM conditions. Thus, SOD activity
was increased (78%) by CELM only in sunflower. CAT activity was increased in fenugreek (19%),
green (67%) and purple (62%) radish, but decreased (10%) in borago. GPX activity was considerably
increased (28-125%) in all plants treated by CELM except fenugreek.

In terms of nutritional value, such as soluble sugars and protein content, most plants treated by
CELM were similar to the control plants and radish treated by CELM had even higher soluble sugars
and protein content. The content of non-pigment antioxidant compounds in the CELM-treated plants
was, in some cases, higher than in the control plants. For example, borage showed a 14% increase in
proline and radish Sango had 15% higher content of ascorbic acid.

To compare the the electricity cost in two light treatments (16/8 h and CELM) we take into
consideration that the electricity consumption in the treatments was equal. It means that electricity
cost depends on the rates per kWh and time of use. The ratios of prices were the following: peak/off-
peak — 3,5, standard/off-peak — 1.6.

Thus, the daily cost of electricity consumed (E) in case of CELM used is

E1=7-1.6R +2-1.6R + 7R = 21.4R, where R — off-peak rate.

The daily cost of electricisy used in case of 16/8 h photoperiod differ depending on what time is
used for light period. If to switch light on at 7 am, the daily cost would be E2=3-3.5R + 7-1.6R + 4-3.5R
+2-1.6R=38.9R

In case the light is switched on at 10 am, the daily cost would be

E3=7-1.6R +4-3.5R + 2:1.6R + 3R = 31.4R

If to use the most cheapest time with the aim of minimizing the cost of electrivity consumed
under 16/8 h photoperiod, the light should be on from 3 pm to 7 am to avoid using peak houres. In
thiis case the daily cost would be E4 =2-1.6R +4-3.5R +2.1.6R + 8R = 28.4R

Thus, using the CELM based on a time-of-use tariff instead of the traditional 16/8 h photoperiod
allows to reduce electricity costs by 25-45% depending on what time slot is used for plant illumination
(E1 exceeds E2 by 45%, E3 by 32% and E4 by 25%).

3. Discussion

Results of the experiments conducted on eight crops — borage, fenugreek, sunflower, pea,
arugula, broccoli, mizuna, green and purple radish — show that these plants are able to tolerate
abnormal shortened L/D cycles during their production cycle when they are grown as baby leaf
vegetables or microgreens. The study has demonstrated that a specific intermittent lighting strategy
can be applied for these crops in order to achieve higher output and better quality while maintaining
the same energy consumption as traditional lighting. In our study pea shoots, arugula and purple
radish microgreens grown under shortened L/D cycles showed higher biomass than under
continuous 16 h lighting despite equal energy consumtion. Thus, shortened L/D cycles improved
efficiency use efficiency in these crops. Other crops treated by shortened L/D cycles had the same
fresh yield as control plants. Plants have a circadian clock that synchronizes physiological processes
with natural fluctuations in daily light and influences gene expression, stomatal opening, andother
physiological processes [20]. It was suggested that intermittent treatments closest to the natural cycle
will provide the best growth [10]. Therefore, it was expected that intermittent light exposure may
disrupt the transmission of circadian clock signals and therefore have negative effects on plant
growth, but at the same time we know that the biological clock of plants can drive intrinsic rhythmic
changes, coordinating their physiological processes to synchronize with the external L/D rhythm,
thereby achieving adaptation to the dynamic changes in daily environmental factors [21,22].
Contrasting hypothesis [23] states that under the right balance of light and dark periods, dark-
induced metabolic changes may improve growth. Previous reports have suggested that the highest
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yields and quality are generally achieved by maintaining a single long cycle compared to the more
standard single L/D cycle [6]. This work has demonstated that intermittent lighting did not reduce
biomass accumulation or induce oxidative stress to such an extent that it led to negative consequences
for yield. This result is consistent with those obtained in a number of studies demonstrating that
shortened L/D cycles can provide higher productivity and better quality of lettuce and basil while
maintaining the same level of energy consumption as traditional lighting [1,2,11,16,17].

It is important that in almost all crops intermittent treatments using two cycles 8/4 h, three cycles
of 4/2 h or CELM improved yield quality in terms of nutritional value. Thus, the contents of soluble
sugars, protein and antioxidants were increased, although species and even varietal specificity was
observed and in many cases there was no clear trend. Since plants typically respond more quickly to
changes in environmental factors including light regime at the cellular level than at the whole-
organism level, abnormal L/D cycles may be more effective in increasing the content of individual
metabolites compared to overall biomass yield. Thus, our study demonstrated an increase in energy
efficiency, which characterizes the amount of metabolites (soluble sugars, protein, anthocyanins,
flavonoids, ascorbic acid, and proline) produced per kWh of consumed electricity.

It was suggested that the beneficial impact of intermittent lighting on plant growth and quality
can be partly attributed to its ability to optimize and regulate plant morphology that enhance
photosynthetic activity [12]. Intermittent lighting has a significant effect on the effective absorption,
transmission, and conversion processes of light energy. The mechanism of intermittent lighting effect
on plant growth, quality, and photosynthetic properties has become clearer in recent years and
reviewed by Liu et al. [1].

We believe that plant responses to abnormal L/D cycles that differ from 24-h cycle of day and
night [23] can be interpreted in terms of plant responses to photoperiod (circadian) stress, or altered
photoperiod [24]. The concept of photoperiod stress was introduced recently [25-27] based on the
observations that sudden changes in the photoperiod, in particular, its prolongation, may cause
oxidative stress in short-day-adapted plants. Under abnormal L/D cycles, plants can be illuminated
during the scotophilic phase and, conversely, there can be darkness during the photophilic phase.
Such anomalous light supply regimes can lead to a mismatch between endogenous (circadian)
biorhythms in plants and the external L/D cycle, which can also cause various changes and
disturbances in plants and initiate non-specific defense responses [14,28,29]. The strength of the
photoperiod stress response depends on the light duration [30]. Longer prolongations of the light
phase induce a true stress (distress), while shorter prolongations, on the contrary, may present a
beneficial stress (eustress) [31]. The latter is of particular interest from a practical point of view. Thus,
plants under mild oxidative stress induced by altered photoperiod accumulate more non-enzymatic
antioxidants (carotenoids, anthocyanins, flavonoids, proline) and have higher activity of antioxidant
enzymes, which increases the nutritional value of plants that are used as a functional food providing
health benefits [32-37]. This study demonstrates the relative tolerance of the tested crops to abnormal
L/D cycles, i.e., to circadian asynchrony caused by a mismatch between the plant's endogenous
rhythms and external L/D cycles. It should be noted that these results are not solely due to the short
production cycle (10-12 days), as in sensitive eggplant photodamage in the form of leaf lesions,
similar to those seen in Arabidopsis plants suffered from photoperiod stress [38], was observed as
early as the third day of exposure to CELM (7/4/9/4 h). We suggest that in relation to photoperiod
stress, all plants can apparently be divided into sensitive and tolerant. It is important that such a
division differs from the generally accepted classification of plants into three categories according to
photoperiodic response of flowering (short-day, long-day and dayneutral plants).

In our experiments examining different L/D cycle trials there was the same amount of light
delivered over 24 h with the same total hours of light spread differently throughout the day. Earlier
it was suggested that by arranging intermittent lighting cycles during off-peak electricity demand
periods, lower electricity prices can be utilized to reduce operating costs [2]. Indeed, the price of
electricity changes during the day (24 hours). These hours are grouped into time bands: peak (with
the highest price), standard (intermediate price) and off-peak (cheapest price). As a general rule, in
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tariffs with time discrimination (a time of use tariff) the price per kWh of electricity is higher during
the day (peak and standard) than during the night (off-peak). Differences in tariffs between time
bands can be as much as 4-fold. Key factors influencing the economic performance of any business
are its revenues and expenses. For commercial enterprises, this means increasing crop yields and
reducing energy costs. Our study showed that the use of CELM significantly reduced (25-45%)
electricity costs when cultivating baby leaf vegetables and microgreens under artificial lighting. Since
the price per kWh depends on many factors such as the location, the time of day, and the type of
electricity plan chosen the specific value of reducing the cost of electricity must be determined for
specific conditions.

Thus, our work confirmed that, in addition to the commonly considered light factor components
(intensity, spectral composition, and photoperiod), there is a fourth component — the distribution of
DLI throughout the day. The use of intermittent lighting instead of continuous light can influence the
quantitative and qualitative parameters of plant growth and yield. Plant response to shortened light-
dark cycles depends on their tolerance/sensitivity to circadian asynchrony, which inevitably occurs
in this case, since external L/D cycles do not coincide with the plant internal circadian rhythms. In
the case of tolerant plants and/or short production cycles, the use of shortened L/D cycles can have
beneficial impact on plant growth and nutritional value of leafy vegetables. In our study, crops such
as borage, fenugreek, sunflower, pea, radish, arugula, broccoli, and mizuna demonstrated relative
tolerance to 8/4 h and 4/2 h cycles. However, high species specificity was noted, and, using radish as
an example, cultivar specificity in plant response was also demonstrated. In areas with time-of-use
electricity rates, scheduling lighting during off-peak hours can significantly reduce costs. It was
shown that shortened light-dark cycles can form the basis for cost-effective lighting regimes based
on electricity tariffs with peak, standatd and off-peak time bands.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Four Brassicaceae microgreens, such as arugula (Eruca vesicaria subsp. sativa), broccoli (Brassica
oleracea var. italic), mizuna (Brassica rapa var. nipposinica), and radish (Raphanus sativus L. var. green
and cv. Sango) and four baby leaf vegetable plants: Fabacea (fenugreek (Trigonella foenum-graecum L.),
and pea (Lathyrus oleraceus Lam., cv. Madras), Boraginaceae (borago (Borago officinalis L.), and
Asteraceae (sunflower (Helianthus annus L.) were grown in 16 x 11 cm trays with rockwool mats,
watering with half-strength Hoagland nutrient solution (pH 6.2-6.4), under controlled conditions (air
temperature of 22+1°C and relative humidity of 60+5%) and LED lamps (LED GL V300, China) with
a ratio (%) red:green:blue 50.3:21.1:17.6. Photosyntheticaly active radiation (PAR) was 150
pmol/(m?2s).

4.2. Light treatments

In the first series of experiments plants were exposed to the intermittent treatments using two
L/D cycles of 8/4 h, or three cycles of 4/2 h. Control plants were cultivated under conventional
photoperiod of 16/8 h. Daily light integral (DLI) was equal for all treatments (8,6 mol m-2day~'), so
energy consumtion did not differ.

In the second series of experiments plants were exposed to the cost-effective lighting mode
(CELM) that included alternating light and darkness in the order of 7 h light/4 h dark/9 h light/4 h
dark. The CELM was designed to avoid using peak hours for plant illumination, when the price of
kWh is more expensive. We used a time of use (ToU) tariff in the Republic of Karelia (Russia) where
prices vary depending on the time of day (peak — from 7 am to 10 am and from 5 pm to 9 pm; standard
— from 10 am to 5 pm and from 9 pm to 11 pm; and off-peak — from 11 pm to 7 am). CELM includes
two light periods from 10 am to 5 pm (7 standard hours) and from 9 pm to 6 am (9 off-peak hours).
Night periods were from 5 pm to 9 pm (4 off-peak hours) and in the morning from 6 am to 10 am (4
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off-peak hours). The control plants were grown under 16/8 h photoperiod (light from 7 am to 11 pm
— 9 peak hours and 9 standard hours). For the calculation of daily cost of electricity consumption
under 16/8 h cycle the other light periods were also adopted (from 10 am to 2 pm — 4 peak, 9 standard
and 3 off-peak hours and and from 3 pm to 7 am — 4 peak, 4 standard and 8 off-peak hours).

4.3. Growth and Yield Measurements

Microgreens and baby leaf vegetable plants were sampled on the 6% (radish), 8% (pea), 10™
(sunflower), 11t (arugula, broccoli, mizuna), and 12thday (borago, fenugreek) after sowing for the
measurements.

Ten seedlings of each species were randomly selected and measured to determine fresh weight
(FW), and dry weight (DW) for each light treatment. To determine FW seedlings were weighed as
quickly as possible to limit the losses through evaporation and then samples were dried at 105 C in
an oven until a constant dry weight (DW) was observed.

The values of leaf mass per area (LMA) were calculated as a ratio of a dry mass of the lamina
discs to their area. Eight discs were cut from cotyledons with a 4-mm in diameter cork borer. The dry
weight of the discs was determined after their drying to a constant weight at 105 °C. The robustness
index was defined as the ratio of shoot dry mass to stem volume.

4.4. Chlorophyll Fluorescence Measurements

The chlorophyll fluorescence parameters of the plants were measured using a Pulse Amplitude
Modulation Fluorimeter (MINI-PAM, Heinz Walz, Germany). The values of the potential quantum
yield of photochemical activity of PSII (Fv/Fm) were determined after the leaves were dark-adapted
for 20 min with leaf clips.

4.5. Measurement of Relative Electrolyte Leakage (REL)

REL from the leaf tissues was determined to estimate the membrane permeability. Ten 4 mm in
diameter leaf discs were rinsed with distilled water, blotted with filter paper, and placed into 10 mL
test tubes with distilled water. After 2 h shaking at 23°C, the electric conductivity of the solution (E1)
was measured by a conductometer (Ekspert-002, Ekoniks-Ekspert, Russia) at the same temperature.
Then, the test tubes were heated until boiling, cooled to room temperature, and the full electrolyte
leakage (E2) was evaluated. REL was calculated as a percentage of the full leakage by the formula
REL =100 = E1/E2%.

4.6. Photosynthetic Pigment Content

The content of Chl 2 and ¢ and carotenoids was measured in 96% ethanol extract with a SF2000
spectrophotometer (OKB Spectr, Russia) and calculated according to the known formulas [39].

4.7. Anthocyanins and Flavonoids Content

Anthocyanins were extracted from leaves, according to Kang et al. (2013). Fresh leaf tissues (0.1
g) were homogenized in 4 mL of 95% ethanol-1.5 N HCI- (85:15, v:v). After overnight extraction at
4°C in darkness, each sample was centrifuged at 10,000x g for5 min. The absorbance of the
supernatant was measured at 533 nm (peak of absorption of anthocyanin) and 657 nm (peak of
absorption of Chl degradation products). The results were plotted as a difference in absorption at 530
and 657 nm relative to tissue fresh weight (AA-g-1 FW), and the formula AA = A530 - 1/4A657 was
used to deduct the absorbance contributed by chlorophyll and its degradation products in the extract
[40]. The relative amounts of flavonoids were measured spectrophotometrically [41-43]. The
supernatant for anthocyanins was diluted 10 times and the absorbance was measured at 300 nm.
Flavonoids content in the sample was expressed as absorbance at 530 nm g FW.

4.8. Malodialdehyde (MDA) Content
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The content of malondialdehyde (MDA), the end product of lipid peroxidation, was determined
with a standard method based on the reaction of these substances with thiobarbituric acid (TBA) that
produces a trimethine complex with an absorption maximum at 532 nm [44]. The lipid peroxidation
levels were expressed as micromoles of MDA per gram FW.

4.9. Hydrogen Peroxidase Content.

Hydrogen peroxide content was determined according to [45]. Leaf tissues (0.1 g) were
homogenized in an ice bath with 2 mL 0.1% (w/v) TCA. The homogenate was centrifuged at 12,000x
g for 15 min at 4 <C and 0.5 mL of supernatant was added to 0.5 mL potassium phosphate buffer (pH
7.0) and 1 mL 1M KI. The absorbance of the supernatant was measured at 390 nm. The content of
H20:2 was calculated with a standard calibration curve and expressed in micromoles per gram FW.

4.10. Proline Content

Free proline content in the leaf tissues was estimated according to [46]. Leaf sample were
homogenized with 3% sulfosalicylic acid and the homogenate was centrifuged at 5100x g for 5 min.
Then, 2 mL of the supernatant was mixed with acetic acid and 2 mL freshly prepared ninhydrin
reagent, boiled forl h and the absorbance was measured at 520 nm. The concentration of proline was
estimated by referring to a standard curve of L-proline and expressed in micromoles per gram FW.

4.11. Antioxidative Enzyme Activity Assays

The activity of antioxidant enzymes catalase (CAT, EC 1.11.1.6), superoxide dismutase (SOD, EC
1.15.1.1), and guaiacol peroxidase (GPX, EC 1.11.1.7) were determined using spectrophotometer SF-
2000 (OKB Spectr, Russia). CAT activity was determined by the enzymatic degradation of H202 at
240 nm [47]; SOD activity was determined by the ability to inhibit the photochemical reaction of nitro
blue tetrazolium [48]; GPX analysis was based on the oxidation of guaiacol in the presence of H20O:
with optical density measured at 470 nm [49]. The SOD, APX, and GPX activity values are expressed
as unit U mg protein. The concentration of protein was determined according to [50], using bovine
serum albumin (BSA) (Dia-M, Russia) as a standard.

4.12. Soluble Sugar Content

The soluble sugar content was determined by anthrone method [43]. Approximately 0.3 g fresh
tissue was homogenized with 5 ml dionized H20, conducted for 4 h at room temperature with mixing
and centrifuged at 14,000 g for 15 min. Then the extracts (0.6 ml) were incubated with the anthrone
reagent (2.4 ml) in a boiling water bath for 10 min and after cooling to room temperature the
absorbance was measured at 620 nm. The content of soluble sugars was calculated by comparison
with a standard calibration curve and expressed in mg per g DW.

4.13. Ascorbic Acid Content

The ascorbic acid was determined according to [51]. Briefly, 0.1 g of leaf tissues were
homogenized in 2 mL of 10% TCA, centrifuged at 6000x g for 5 min and 0,1 mL of supernatant was
added to 2 mL10% TCA and 0,3 mL Folin-Ciocalteu’s reagent. The absorbance of supernatant was
measured at 760 nm after incubation of the samples for 20 min at room temperature. The ascorbic
content was estimated by referring to a standard curve of L-ascorbic acid and expressed in mg per g
FW.

4.14. Estimating Lighting Electricity Cost

Electricity cost was calculated using a straightforward formula that connects the amount of
electricity consumed with its price. The core electricity cost formula is: Electricity Cost = Total kWh
Used x Rate per kWh. Since we used light modes with the same DLI (8.6 mmol day) the daily
electricity consumtion was equal in all treatments. To calculate the cost we used tariffs with
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discrimination by time slot that apply the time when electricity is used to calculate the price per kWh
in accordance with the time slot when the electricity is consumed. The day is divided into three time
bands: peak hours, standard hours and off-peak hours. As an example we used the following
schedule. The off-peak time band (with the cheapest price) runs from 11 pm to 7 am (8 hours). The
standard time band (the intermediate price) covers 2 bands or periods throughout the day: from 10
am to 5 pm (7 hours) and in the evening from 9 pm to 11 pm (2 hours). The peak hours (the highest
price) for electricity in a tariff with time discrimination are from 7 am to 10 am (3 hours) and from 6
pm to 10 pm (4 hours).

The difference between peak, standard and off-peak hours has to do with the hours of the day
when there is greater or lesser consumption and the cost of producing the energy during each of
those hours. For the calculations in this study, the following ratio of prices for different time tariffs
was adopted: night rate — R, peak time rate - 3.5R, standard time rate - 1.6R.

4.15. Data Analysis
The table show mean values and standard errors. Significant differences between the means

were revealed at p< 0.05 using one-way ANOVA analysis (the least significant difference test).
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Abbreviations

The following abbreviations are used in this manuscript:

CAT Catalase

CELM Cost-effective lighting mode
DLI Daily light integral

DW Dry weight

FW Fresh weight

GPX Guaiacol peroxidase

L/D Light/dark

LMA Leaf mass per area

PFAL Plant factory with artificial lighting
REL Relative electrolyte leakage
RI Robustness index

SOD Superoxide dismutase
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Appendix A.1

Table Al. The contents of iacolanthocyanins, flavonoids, proline and ascorbic acid in baby leaf vegetables

(borago, fenugreek, and pea) grown under shortened light-dark cycles.

d0i:10.20944/preprints202510.2179.v1

Parameter

Light-dark cycle, h

16/8 8/4 4/2
Borago
é;;};%i_)};nglf;’m(IAS?’o - 0.46+0.02 a 0.46+0.03 a 0.412.72 a
Flavonoids, A300 g'FW 19.76+0.02 a 18.77+1.40 a 20.96+2.10 a
Proline, pmol g'' DW 114.4+3.3 a 106.3+3.3 a 112.2+7.1 a
Ascorbic acid, mg g'FW 96.9+8.5 a 9784124 a 110.4+15.0 a
Fenugreek
3;;106?';;“;;"/\(?530 B 0.550.08 a 0.48:0.02 a 0.47+0.03 a
Flavonoids, A300 g'FW 13.23+1.82 a 12.16+1.76 a 10.06+8.26 a
Proline, pmol g'' DW 205.6+10.2 a 243.5+14.6 a 207.1+4.0 a
Ascorbic acid, mg g'FW 92.9+5.0 a 87.2+10.7 a 82.6+1.6 a
Pea
3;;106?';;“;;’\/\(?530 B 0.57+0.10 a 0.500.06 a 0.55:0.10 a
Flavonoids, A300 g 27.04+3.91 a 25.40+2.17 a 21.88+1.65 a
Proline, pmol g'' DW 918+28 a 939+48 a 874x15 a

Different letters for each plant species indicate significant differences between the mean values at p< 0.05.

Table A2. The contents of anthocyanins, flavonoids, and proline in microgreens (arugula, broccoli and mizuna)
grown under shortened light-dark cycles.

Light-dark cycle, h

P t
aramerer 16/8 8/4 4/2

Arugula

Anthocyanins, (A530 -

0.25A657) g FW 0.42+0.06 a 0.52+0.04 a 0.51+0.04 a

Flavonoids, A300 g'FW 16.44+0.89 a 19.69+0.61 a 17.33+0.77 a

Proline, pmol g DW 523+17 a 534429 a 553+11 a
Broccoli

Anthocyanins, (A530 -

0.25A657) g FW 0.59+0.03 a 0.63+0.04 a 0.51+0.03 a

Flavonoids, A300 g'FW 6.35+0.47 a 5.07+1.02 a 3.14+0.12 b

Proline, umol g'' DW 62025 b 604127 b 761+20 a
Mizuna

Anthocyanins, (A530 —

0.25A657) g FW 0.33+0.02 b 0.41+0.02 a 0.32+0.05 b

Flavonoids, A300 g'FW 11.12+2.35a 11.10+2.02 a 5.37+0.49 b

Proline, pmol g DW 597+10 b 574+16 b 669450 a

Different letters for each plant species indicate significant differences between the mean values at p< 0.05.
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