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Introduction
Climate change and water scarcity have led to a decline 
in the availability of suitable lands for strawberry pro-
duction in Iran. As a result, there has been a rise in the 
production of strawberries in large-scale greenhouses. 
However, constructing these greenhouses can be expen-
sive, so it is crucial to use techniques that guarantee 
consistently high yields. Achieving this requires the 
development of environmental control techniques, such 
as light, that allow plants to attain their full photosyn-
thetic potential. Plant growth is influenced by both genet-
ically and environmentally factors. The response of plants 
to light is affected by various factors, including light qual-
ity, environmental conditions, season, genotype, and 
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Abstract
An experiment was conducted in a greenhouse to determine the effects of different supplemental light spectra 
on the growth, nutrient uptake, and fruit quality of four strawberry cultivars. The plants were grown under natural 
light and treated with blue (460 nm), red (660 nm), and red/blue (3:1) lights. Results showed that the “Parous” and 
“Camarosa” had higher fresh and dry mass of leaves, roots, and crowns compared to the “Sabrina” and “Albion”. The 
use of artificial LED lights improved the vegetative growth of strawberry plants. All three supplemental light spectra 
significantly increased the early fruit yield of cultivars except for “Parous”. The red/blue supplemental light spectrum 
also increased the fruit mass and length of the “Albion”. Supplemental light increased the total chlorophyll in 
“Camarosa” and “Albion”, as well as the total soluble solids in fruits. The “Albion” had the highest concentration of 
fruit anthocyanin, while the “Sabrina” had the lowest. The use of supplemental light spectra significantly increased 
the fruit anthocyanin concentration in all cultivars. Without supplemental light, the “Camarosa” had the lowest 
concentration of K and Mg, which increased to the highest concentration with the use of supplemental light 
spectra. All three spectra increased Fe concentration to the highest value in the “Sabrina”, while only the red/blue 
light spectrum was effective on the “Camarosa”. In conclusion, the use of supplemental light can increase the yield 
and fruit quality of strawberries by elevating nutrients, chlorophyll, and anthocyanin concentrations in plants.
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cultivation methods [1]. The quality of light significantly 
impacts plant growth, development and photomorpho-
genesis by providing effective wavelengths in photo-
synthesis [2]. Light is a vital source of energy for plant 
growth, flowering, fruiting, and photosynthesis [3]. In 
conditions where natural light is insufficient, supplemen-
tal lighting can effectively promote the photosynthesis 
and growth of strawberries. When growing strawberries 
in greenhouses, additional lighting is often necessary 
to supplement natural sunlight, which tends to be less 
intense during winter months. Furthermore, during the 
cooler winter months, day lengths are shorter, making 
supplemental lighting necessary to increase greenhouse 
crop yield.

In recent years, LED technology has emerged as the 
preferred supplemental lighting source due to its energy 
efficiency, long lifespan, and ability to produce light of 
specific wavelengths. LED lighting has been shown to 
increase overall photosynthetic pigments, promote opti-
mal plant growth, and increase individual fruit size in 
strawberries. Studies suggest that a combination of blue 
and red wavelengths of LED lighting is usually chosen 
to enhance the efficiency of plant photosynthesis [4]. 
Moreover, Hidaka et al. [5] achieved a twofold increase 
in strawberry yield through the combined application of 
LED lighting and CO2 enrichment. In a previous study, 
it was discovered that plants grown under LED light had 
higher leaf photosynthesis rates [6]. LED lights consist of 
a combination of blue, red, and far-red spectra, which are 
known to promote optimal plant growth [7–9]. Blue and 
red lights, in particular, have been found to be beneficial 
when used together. For example, using blue (475  nm) 
LEDs along with red LEDs has resulted in larger individ-
ual strawberry fruit sizes [10]. Additionally, when grown 
under growth chamber conditions, strawberry plants 
exposed to a combination of blue and red LEDs produced 
higher yields and larger individual fruit sizes than those 
grown under red LEDs alone [11]. The utilization of red 
and blue wavelengths is widely acknowledged for opti-
mizing photosynthesis [12] and improving plant quality. 
Red light plays a crucial role in shoot and stem elonga-
tion, phytochrome responses, and influencing changes in 
plant anatomy [13]. However, it is worth noting that in 

certain fall-flowering strawberry cultivars, red light may 
have a negative impact on flower bud initiation [14]. On 
the other hand, blue light is known to stimulate plant 
growth, enhance biomass production, and contribute 
to chlorophyll biosynthesis, stomatal opening, enzyme 
synthesis, phototropism, and photosynthesis [15, 16]. By 
harnessing both red and blue light wavelengths, it is pos-
sible to create an optimal lighting environment for plants, 
maximizing their growth potential while considering 
specific cultivar requirements and growth stages.

Different cultivars of strawberries have unique char-
acteristics such as plant growth, fruit production rate, 
disease resistance, fruit ripening time, and fruit quality, 
such as firmness, size, color, shape, and taste. To better 
understand how various cultivars of strawberries grown 
in a greenhouse environment respond to supplemental 
lighting, an experiment was conducted comparing four 
different cultivars under the influence of LED lights with 
different spectra.

The study aimed to analyze the impact of these lights 
on plant growth and yield, including dry matter partition-
ing, vegetative and reproductive traits, nutrient absorp-
tion, and fruit quality. The results of this experiment will 
help optimize lighting strategies for different cultivars of 
strawberry plants, ultimately improving their functional 
properties.

Materials and methods
Plant materials and growth conditions
An experiment was conducted in 2021 at the experimen-
tal greenhouse of Arak University. Rooted strawberry 
plants of four different cultivars - “Sabrina”, “Albion”, 
“Parous”, and “Camarosa” - were obtained from a nurs-
ery in Sanandaj, Iran. These plants were then planted in 
a hydroponic system, in 4-L pots that contained a mix of 
cocopeat and perlite in the ratio of 70:30 V: V. Three pots 
were assigned to each treatment, and three plants were 
planted in each pot. The plants were irrigated twice a day, 
at 10 a.m. and 3 p.m. using a drip system and a pump. 
During each irrigation, 150  ml of nutrient solution was 
given to the plants. The plants were grown in a green-
house, with a temperature that ranged between 16 and 
24 ºC, a photoperiod of 11/13  h (light/dark), a relative 
humidity (RH) of 50 ± 10%, and a maximum light inten-
sity of 925 µmol m− 2 s− 1 (LED + ambient light) per day 
above the canopy. The plants were watered with Morgan 
nutrient solution [(pH: 6.5; electrical conductivity (EC): 
1.4 dS.m− 1)], and were treated with four different light 
spectrums [17] Table 1.

LED tubes and light treatments
The plants were grown in a greenhouse under metal 
structures, using LED tubes with a power of 24 watts and 
a photon flux density (PPFD) of 200 µmol m− 2 s− 1, as a 

Table 1 Concentration of nutrients used in the nutrient solution 
of this experiment
Macronutrients Concentration

(mmol.L-1)
Micronutrients Concentration

(µmol.L-1)
N 9.14 Fe 16.18
P 1.87 Mn 11.83
K 5.40 Zn 0.87
Ca 2.60 B 11.32
Mg 1.65 Cu 0.28
S 1.68 Mo 0.58
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supplemental light. The LED tubes had different spectral 
ranges, including monochromatic blue (B) with a peak of 
460 nm, monochromatic red (R) with a peak of 660 nm, 
dichromatic red/blue (3:1) as shown in Fig. 1, and ambi-
ent light only according to Table  2. The LED lighting 
systems were mounted 30 cm apart, and the plants were 
grown with a photoperiod of 11 h light and 13 h dark at 
the leaf surface. The plants received a total photon flux 
density of 925 µmol m− 2 s− 1, which was a combination of 
both LED and ambient light.

Vegetative parameters
At the end of the experiment, the plants were collected 
and separated into their leaves, roots, and crowns. The 
samples were then weighed to record their fresh mass. To 
determine their dry mass, the samples were placed in an 
oven at 70 °C for 72 h, and their dry mass was recorded. 
Additionally, the length of the roots was measured using 
a ruler.

Reproductive characteristics
During the growth period, various measurements were 
taken including early yield, fruit number, fruit length, 
single fruit mass, and the number of inflorescences and 
flowers.

Leaf pigments and leaf gas exchange
To determine the levels of chlorophyll and carotenoids in 
a leaf sample, 0.25 g of frozen leaves were crushed using 
liquid nitrogen in a Chinese mortar. Subsequently, 20 ml 
of 80% acetone was added to the sample and then cen-
trifuged at 4800  rpm for 20 min. The sample’s lumines-
cent absorption was noted at 470, 647, and 663 nm using 
a spectrophotometer. Finally, the total amount of chloro-
phyll and carotenoids was calculated by Lichtenthaler’s 
method [18].

Gas exchange parameters of plants were measured 
using a portable photosynthesis system provided by ADC 
BioScientific Ltd, Hoddesdon, UK. These parameters 

Table 2 Characteristics of LEDs used in this experiment
Manufacture company CRI Number of LEDs Light coverage area Power consumption Lens type Certificate
Iran Grow Light 95% 6 40 cm×100 cm 24 watts 90° CCC, CE, FEC, Ip45, RoHS

Fig. 1 Relative distribution of different spectral LEDs (monochromatic blue, monochromatic red, red/blue (1:3) and white/ yellow (1:1) used during plant 
growth
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include the net photosynthetic CO2 assimilation rate (A, 
µmol CO2 m− 2 s− 1) and stomatal conductance (gs, mol 
H2O m− 2 s− 1). The measurements were taken on com-
pletely expanded leaves at around 9:00 AM and 12:00 
PM, 60 days after planting.

Fruit quality
A refractometer (PAL-1, Atago Co., Ltd; Japan) was used 
to measure the Total Soluble Solids (°Brix) of fruits. 
Method developed by Nogues and Baker [19] was used 
to determine the content of anthocyanin. One g of fresh 
leaf tissue was homogenized in 10 mL of acidic metha-
nol and then was centrifuged at 3500 rpm. The samples 
were measured for absorbance at 530 and 657  nm. To 
determine the titratable acidity of the fruit extract, 0.01 N 
NaOH was titrated to the endpoint of pH 8.1. The results 
were expressed as mg equivalents of citric acid per 100 g 
of fresh mass [20].

Elemental analysis
To determine the concentrations of potassium, magne-
sium, and iron in plant shoots, standard methods were 
followed after digesting the samples using HNO3. First, 
each sample were weighed and powdered. Then, approxi-
mately 0.3 g of dry and powdered leaf samples, HNO3 (6 
mL), and H2O2 (2 mL) were mixed in a beaker vessel. The 
hot plate method were used with a watch glass placed on 
top of the vessel to digest the samples. Hydrogen perox-
ide was added to help digest the organic matrix, as rec-
ommended in Thermo Scientific AN 443,662 and AN 
4,344,620. A hot plate digestion system were used with a 
stirrer and temperature sensor to heat the samples. The 
samples were heated according to the following tem-
perature program: 50 °C for 1 h, 150 °C for 1 h, and then 
200  °C for another hour until brown gas was produced. 
The samples were left for 15 min to remove any remain-
ing gas. After digestion, each sample were transferred to 
a volumetric flask (25 mL) and made up the volume with 
ultrapure water before analyzing the samples by ICP-
OES (Analytic Jena Co., Germany). The nutrient analy-
sis results were converted from concentration units to 
nutrient content per total plant content by multiplying 
the nutrient concentration in the plant organs by the dry 
mass accumulation of the entire plant.

Experimental design and data analysis
The study was conducted using a completely random-
ized design (CRD) with two factors (supplemental light 
spectra as fixed factor and cultivar as random factor) in 
three replications (n = 3), as a factorial experiment, with 
three single plants in pots. The data was analyzed using 
SAS software (SAS Institute, Cary, NC, USA), employing 
a two-way ANOVA model. In case of significant treat-
ment effects in the ANOVA, the multiple ranges Duncan 

test was used as a post hoc to calculate significant mean 
differences (P < 0.05). After demonstrating the differ-
ences between the means, post hoc range tests and pair-
wise multiple comparisons were employed to determine 
which means were different. The graphs were created 
using Excel 2016.

Results
Vegetative characteristics
The experiment results indicate that the “Parous” and 
“Camarosa” had a higher fresh and dry mass of leaves, 
roots, and crowns compared to the “Sabrina” and “Albion” 
(Table  3). “Parous” exhibited the highest leaf mass, but 
the different spectrums of supplemental light had no 
significant effect on the leaf mass of the strawberry cul-
tivars. The dry mass of leaves in the “Parous” was sig-
nificantly increased with blue light treatment compared 
to the control, while the root mass was increased with 
red/blue light treatment in “Sabrina” and “Albion” com-
pared to the control. “Sabrina” increased the root fresh 
mass with the blue light treatment and “parous” with the 
red light treatment. However, root dry mass increased 
only in the “Camarosa” under the influence of red light 
compared to the control. “Sabrina” increased the crown 
fresh mass with the red light treatment and “Camarosa” 
with the blue light treatment, while crown dry mass only 
increased in “Parous” and “Camarosa” by the combina-
tion of red/blue light (Table  3). “Parous” cultivar exhib-
ited the highest crown diameter among the cultivars. 
The red/blue spectrum of supplemental light increased 
the crown diameter in the “Camarosa”, while other spec-
tra had no significant effect on it (Table 3). “Parous” and 
“Camarosa” had the longest roots, and different light 
spectrums did not affect root length (Table 3). “Parous” 
also had the highest number of leaves among the culti-
vars, and the blue spectrum of LED increased the num-
ber of leaves in this cultivar. Whereas, in the “Camarosa”, 
it was the red spectrum of light that increased the num-
ber of leaves (Table 3).

Reproductive characteristics
The “Parous” had the highest number of early fruits, and 
the application of the red/blue supplemental light spec-
trum significantly increased the number of early fruits 
in all tested cultivars compared to the control (Table 4). 
However, in the “Sabrina”, blue and red light spectrums 
alone and in the “Camarosa” blue light spectrum alone 
also increased the number of early fruits. The high-
est early ripe fruit also belonged to the “Parous”, but the 
light spectrum did not affect it (Table  4). Although the 
number of early ripe fruits in the “Sabrina” was affected 
by blue and red/blue light, the “Albion” was significantly 
increased under the influence of the red/blue light spec-
trum, and in the “Camarosa” was significantly increased 
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under the influence of blue spectrum. The “Parous” had 
the highest early fruit yield, which was not affected by 
any of the supplemental light spectrums (Table 4). How-
ever, in the other three cultivars, all three tested supple-
mental light spectrums caused a significant increase 
in early fruit yield, so that this trait reached the highest 
level in the “Albion” treated with red/blue light spectrum. 
In the absence of supplemental light, the number of the 
inflorescence of cultivars did not differ significantly, but 
with the use of supplemental light spectrums of sole red 
and blue in the “Sabrina”, blue alone and red/blue in the 
“Albion”, and red/blue in the “Camarosa”, the number of 
the inflorescence significantly increased (Table  4). The 
“Parous” had the highest number of flowers, and the 
number of flowers significantly increased under the influ-
ence of blue light in the “Sabrina”, “Albion”, and “Parous” 
(Table 4). The spectrum of red/blue light played a posi-
tive role in the number of flowers of the “Albion”. In the 
absence of supplemental light, the fruit mass and fruit 
length of the cultivars did not differ significantly, but with 
the use of the red/blue supplemental light spectrum, fruit 
mass and length increased significantly in the “Albion” 
(Table  4). Fruit mass and length of other cultivars were 
not affected by different light spectrums.

Leaf pigments, photosynthesis rate and stomatal 
conductance
Figures 2 and 3 reveal that the “Camarosa” had the lowest 
chlorophyll and total carotenoids in the absence of sup-
plemental light. “Albion” increased the chlorophyll con-
tent with the blue light treatment and “Camarosa” with 

the red and blue treatments. It should be noted that the 
different light spectrums did not have any effect on the 
concentration of carotenoids in the leaves.

The rate of net photosynthetic CO2 assimilation (A) 
was found to increase with all supplemental light spec-
tra in the “Sabrina,” “Albion,” and “Camarosa” when com-
pared to control plants (Fig. 4). In “Parous,” only red light 
positively affected this parameter. While there was no dif-
ference among supplemental light treatments in “Albion,” 
in “Parous” and “Camarosa,” red light caused the highest 
A. On the other hand, in “Sabrina,” red/blue light resulted 
in the highest A in plants. Stomatal conductance (gs) 
increased in all supplemental light spectra treatments for 
“Sabrina” and “Camarosa” compared to the control plants 
(Fig. 5). In “Parous”, only the red light had a positive effect 
on this parameter. Although there was no difference 
among the supplemental light treatments for “Sabrina” 
and “Camarosa”, “Albion” and “Parous” showed the high-
est gs with red light, while in “Parous”, plants displayed a 
reduction in gs with blue light.

Fruit quality
The amount of total soluble solids in the fruit was found 
to be highest in the “Albion” and lowest in the “Par-
ous” in the absence of supplemental light spectrums 
(Fig.  6). However, the use of supplemental light spec-
tra significantly increased the fruit solids. Specifically, 
the use of blue light alone in “Sabrina” and “Camarosa”, 
blue and red/blue spectra in the “Parous”, and blue, red, 
and red/blue light spectra in the “Albion” increased the 
amount of soluble solids in the fruits. The anthocyanin 

Table 4 Effect of different supplementary LED light spectra (red/blue, 3:1; R: B, with a peak 656 nm, blue, with a peak at 450 nm, red, 
with a peak at 656 nm, control (ambient light)) on reproductive growth characteristics of four strawberry cultivars. The photosynthetic 
photon flux density (PPFD) was 215 ± 5 mol m− 2 s− 1. The photoperiod of 11/13 h (day/ night) was maintained
Strawberry 
cultivar

Light 
spectrum

Fruit No.
(plant− 1)

Inflores-
cence No.
(plant− 1)

Flower No.
(plant− 1)

Ripe fruit No.
(plant− 1)

Fruit length
(mm)

Fruit mass
(g fruit− 1)

Early fruit yield
(g plant− 1)

“Sabrina” Control 1.33 ± 0.58d 2.33 ± 1.15c 4.67 ± 2.91 fg 1.33 ± 0.58bc 25.21 ± 8.54 cd 4.39 ± 1.63e 5.22 ± 3.39ij
Red 6.00 ± 2.67abc 4.33 ± 1.45b 5.00 ± 1.86 fg 3.33 ± 1.45abc 24.56 ± 1.16 cd 5.78 ± 0.50cde 17.34 ± 1.49f
Blue 5.33 ± 3.18bc 5.00 ± 2.51b 22.00 ± 8.32b 5.00 ± 2.33a 26.04 ± 2.62bcd 7.51 ± 1.48b-e 18.85 ± 6.25ef
Red/Blue 5.00 ± 2.00bc 2.67 ± 3.00c 3.00 ± 3.00 g 5.00 ± 1.33a 28.93 ± 9.84bcd 4.17 ± 2.12e 19.59 ± 6.17ef

“Albion” Control 1.67 ± 0.67d 2.67 ± 1.20c 2.67 ± 1.97 g 1.00 ± 0.33c 25.00 ± 12.33 cd 7.58 ± 4.92b-e 5.25 ± 4.92ij
Red 3.67 ± 2.03 cd 3.67 ± 2.03bc 6.00 ± 3.18efg 2.33 ± 1.15abc 25.35 ± 2.06 cd 5.41 ± 1.21de 10.62 ± 6.42gh
Blue 3.67 ± 1.67 cd 4.33 ± 1.86b 15.33 ± 9.87 cd 2.33 ± 0.67abc 22.87 ± 8.01d 5.88 ± 2.03cde 10.58 ± 2.03gh
Red/Blue 9.00 ± 6.02a 9.66 ± 4.63a 18.33 ± 8.33bc 5.00 ± 3.67a 40.31 ± 0.93a 14.93 ± 0.76a 49.39 ± 3.33a

“Parous” Control 5.67 ± 3.48 cd 4.00 ± 2.31bc 9.67 ± 6.12ef 3.33 ± 1.76abc 31.45 ± 1.73bc 8.78 ± 0.62b-e 26.34 ± 1.86 cd
Red 5.67 ± 1.76bc 5.33 ± 1.33b 11.00 ± 15.76de 3.33 ± 1.33abc 26.25 ± 3.80bcd 8.52 ± 3.27b-e 23.38 ± 10.68cde
Blue 6.67 ± 3.33abc 5.67 ± 2.96b 27.00 ± 12.00a 3.33 ± 1.15abc 33.11 ± 0.94b 11.42 ± 0.76ab 22.53 ± 10.99de
Red/Blue 9.00 ± 6.24a 3.67 ± 2.33bc 9.33 ± 7.55ef 4.33 ± 2.96abc 30.56 ± 0.34bc 10.28 ± 1.03bc 27.88 ± 5.53c

“Camarosa” Control 1.33 ± 0.88d 2.00 ± 1.15c 6.00 ± 4.16efg 1.00 ± 0.33c 24.46 ± 7.91 cd 5.18 ± 1.80de 3.85 ± 1.80j
Red 4.33 ± 2.19 cd 2.00 ± 1.00c 4.67 ± 3.70 fg 3.00 ± 1.53abc 25.04 ± 1.75 cd 5.22 ± 0.81de 14.99 ± 2.23 fg
Blue 8.33 ± 6.03ab 4.00b ± 2.61c 10.33 ± 8.43e 4.67 ± 3.23ab 31.75 ± 1.04bc 9.79 ± 1.94bcd 39.18 ± 7.77b
Red/Blue 6.33 ± 4.41abc 5.00 ± 3.60b 7.67 ± 5.45efg 4.00 ± 3.06abc 30.36 ± 1.99bcd 8.73 ± 0.71b-e 34.92 ± 2.84b

Mean separation was done by Duncan’s multiple range test and the same letter(s) in each column indicates non-significant difference at P ≤ 0.05.
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concentration of the fruits was also found to be affected 
by the variety and light spectrum (Fig.  7). The “Albion” 
had the highest concentration of fruit anthocyanin, while 
the “Sabrina” had the lowest in the absence of supplemen-
tal light. However, the use of supplemental light spectra 
significantly increased the fruit anthocyanin concentra-
tion in all cultivars. The blue light spectrum was found to 
be the most effective in increasing the amount of antho-
cyanin in the fruit, especially in the “Camarosa”. The pH 
of the fruit juice was found to be highest in “Albion” and 
“Camarosa” and lowest in “Parous” and “Sabrina” in the 
absence of supplemental light (Fig. 8). However, the use 
of single red and red/blue light spectrums in “Sabrina” 
and red light spectrum in “Parous” increased the pH of 
the fruit juice. Lastly, titratable fruit acids was also found 

to be affected by cultivar and light spectrum. All the 
supplemental light spectra increased the titratable fruit 
acids in “Sabrina”, although, in “Parous” the red and blue, 
and in “Camarosa” only blue light increased the titratable 
fruit acids (Fig. 9).

Elemental analysis
The “Camarosa” had the lowest concentration of K and 
Mg when grown without supplemental light. However, 
the use of supplemental light spectrums showed an 
increase in both K and Mg concentrations (Figs. 10 and 
11). For other cultivars, the effect of supplemental light 
treatment was not significant on K concentration, but 
Mg concentration increased significantly in the “Sabrina” 
with red/blue light spectrum treatment and in the 

Fig. 3 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 656 nm, 
control (ambient light)) on leaf carotenoids concentration of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol 
m− 2 s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 

Fig. 2 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 656 nm, 
control (ambient light)) on leaf total chlorophyll concentration of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 
µmol m− 2 s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)
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“Albion” with all three applied spectrums. Magnesium 
concentration in the “Parous” was not affected by supple-
mental light spectrums. The results showed that, only 
blue and red/blue lights increased the accumulation of K 
in the “Sabrina” and “Albion” (Fig.  12). However, in the 
case of “Parous” and “Camarosa”, all supplemental light 
spectra led to an increase in K accumulation. Addition-
ally, it was found that all supplemental lights increased 
Mg accumulation in all the cultivars that were studied 
(Fig. 13).

All three spectrums tested increased the Fe concentra-
tion to the highest value in the “Sabrina”, although only 

red/blue light spectrum treatment was significant in 
the “Camarosa” (Fig. 14). In the “Albion”, only blue light 
spectrum, and in “Parous” only red/blue light spectrum 
increased the Fe concentration of leaves. In “Sabrina”, all 
supplemental light spectra increased Fe accumulation 
compared to the control, while in the other three culti-
vars red/blue supplemental light increased Fe accumu-
lation (Fig.  15). In “Camarosa”, red light resulted in the 
highest Fe accumulation.

Fig. 5 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 656 nm, 
control (ambient light)) on leaf stomatal conductance of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 
s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 

Fig. 4 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 656 nm, 
control (ambient light)) on net photosynthetic CO2 assimilation rate of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 
215 ± 5 µmol m− 2 s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 



Page 9 of 17Roosta et al. BMC Plant Biology          (2024) 24:179 

Discussion
Light is crucial for plant growth and development [21]. 
Plants rely on light to complete their lifecycle, and the 
effects of different light spectra on plant growth vary 
[22, 23]. By adjusting the wavelength of light, seed ger-
mination, photosynthesis, biomass accumulation, and 
stomatal opening and closing can be optimized [24]. Pho-
toreceptors allow plants to sense changes in light quality 
and regulate growth and development through signaling 
pathways. The intensity and quality of light significantly 
impact the morphology, physiology, and nutritional qual-
ity of plants [25]. Furthermore, light spectra affect plant 
growth, development, and morphogenesis [26]. Blue 
light is particularly important for chlorophyll biosynthe-
sis and stomata closure. Recent studies have shown that 

blue supplemental LED light increases the concentration 
of total chlorophyll in “Albion” and “Camarosa”. A com-
bination of blue and red light spectra is also crucial for 
leaf area and plant biomass production [15]. Other stud-
ies have observed that the red/blue light combination can 
increase the vegetative and reproductive traits of plants 
in greenhouse conditions [27]. For instance, under red 
and red/blue light, lettuce has a greater leaf area [15].

Studies have shown that red/blue light may increase 
the shoot dry mass of plants. This effect is caused by the 
impact of these light spectra on leaf area and leaf num-
ber [28]. The current experiments found that “Sabrina” 
and “Albion” exhibited a significant increase in root 
fresh mass under red/blue light, although root length 
and mass remained unaffected. Red light can stimulate 

Fig. 7 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 656 nm, 
control (ambient light)) on anthocyanin of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 s− 1. The pho-
toperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 

Fig. 6 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 656 nm, 
control (ambient light)) on total soluble solids of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 s− 1. The 
photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)
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phytochromes, leading to increased cell division and 
expansion, hypocotyl growth, and stem length [29, 30]. 
The combination of red and blue light has been found to 
promote more plant growth than monochromatic light 
[31]. This was observed in coriander plants, where fresh 
weight, dry weight, stem length, and leaf area were all 
higher when the proportion of red light was high [32], as 
well as in tomato [33] and cannabis [34]. However, some 
studies have found that plants exposed to high ratios of 
blue light exhibit weaker growth. This has been observed 
in wheat [35] and sage [36]. The results of current experi-
ment showed that depending on the cultivar, blue, red, 

and red/blue lights can significantly increase vegetative 
growth, as evidenced by higher dry biomass of the shoot, 
root, and crown.

The current experiment findings provide evidence of an 
increased flower production per plant by supplemental 
lights in research greenhouses. These results agree with 
the findings of Díaz-Galián et al. [37] and Yoshida et al. 
[38] in greenhouse strawberry, and contradict previous 
reports from growth chambers, such as the study con-
ducted by Nadalini et al. [39], where the number of flow-
ers remained unchanged. Furthermore, another study 
conducted by Hyo et al. [40] demonstrated that the use 

Fig. 9 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 656 nm, 
control (ambient light)) on titratable acids of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 s− 1. The 
photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 

Fig. 8 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 656 nm, 
control (ambient light)) on fruit juice pH of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 s− 1. The pho-
toperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)
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of red/blue light combinations resulted in higher fruit 
yields compared to using single wavelengths. The intro-
duction of supplemental light in strawberry cultivation 
stimulates photosynthesis, resulting in an increased sup-
ply of carbohydrates. This surplus of carbohydrates ben-
efits the leaf primordia, leading to enhanced growth and 
ultimately contributing to a higher strawberry yield [41]. 
The quality of light is also shown to influence fruit size. 
A study conducted by Díaz-Galián et al. [37] found that 
a combination of blue and red light remarkably increases 
strawberry fruit production. Similarly, Hidaka et al. [5] 
discovered that red and blue light can lead to a significant 
increase in harvested fruits, while also shortening the 

period of fruit maturity. For strawberry plants (Fragaria 
× ananassa Duch), optimal growth and larger fruit pro-
duction require a combination of red and blue spectra. 
This is because a high amount of glucose is produced in 
the leaf and transferred to the fruit under LED irradia-
tion, resulting in an increase in average fruit mass. In the 
current experiment, the “Parous” showed no significant 
effect due to any of the supplemental light spectrums 
and exhibited the highest early fruit yield in control 
condition. However, for three other cultivars, all three 
tested supplemental light spectrums caused a significant 
increase in early fruit yield, with the “Albion” achieving 
the highest level. In the absence of supplemental light, 

Fig. 11 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 
656 nm, control (ambient light)) on leaf Mg concentration of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol 
m− 2 s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 

Fig. 10 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 
656 nm, control (ambient light)) on leaf K concentration of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 
s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)
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the fruit mass and fruit length of the cultivars did not 
differ significantly. However, with the use of a red/blue 
supplemental light spectrum, these two traits increased 
significantly in the “Albion”. Therefore, the results of cur-
rent research support the notion that the implementa-
tion of specific supplemental light spectra, can positively 
impact flower production in research greenhouses and 
improve fruit yields in controlled environments such as 
plastic greenhouses.

The chloroplasts in plants mainly use blue and red light 
for photosynthesis [42]. During photosynthesis, pho-
tosynthetic pigments play a vital role in absorbing and 

transferring light energy [43]. Studies have shown that 
blue and red light treatments can enhance the expres-
sion of genes that encode enzymes related to chlorophyll 
and carotenoid pigments [44]. These results in increased 
pigment accumulation. The combination of blue and red 
light has been found to be especially effective in increas-
ing the concentration of chlorophyll [45]. The findings 
of current experiment suggest that the photosynthetic 
response of strawberry cultivars to supplemental light 
spectra varies. “Sabrina” responded best to red/blue 
light, while “Albion” did not show any significant dif-
ferences among the supplemental light treatments. In 

Fig. 13 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 
656 nm, control (ambient light)) on Mg accumulation in four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 
s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 

Fig. 12 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 
656 nm, control (ambient light)) on K accumulation in four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 s− 1. 
The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 



Page 13 of 17Roosta et al. BMC Plant Biology          (2024) 24:179 

“Camarosa” and “Parous,” red light was found to have the 
greatest positive impact on the rate of CO2 assimilation. 
These results demonstrate the importance of consider-
ing light spectra in optimizing photosynthetic activity 
in different strawberry cultivars. The results of current 
experiment highlights the variations in stomatal con-
ductance response to different supplemental light spec-
tra treatments among different strawberry varieties. It 
emphasizes the positive effect of red light on stomatal 
conductance in “Parous,” “Albion,” “Sabrina,” and “Cama-
rosa” varieties, while blue light had a negative effect on 
stomatal conductance in the “Parous” variety specifically. 

Yanagi et al. [46] demonstrated that strawberry plants 
grown under red LEDs exhibited a higher rate of photo-
synthesis compared to those grown under blue LEDs.

Díaz-Galián et al. [37] found no significant differences 
in Brix grades of strawberry fruits between treatments 
using different light spectra in commercial greenhouses. 
Despite of this report, the current study demonstrated 
that the use of supplemental complementary light spec-
tra can enhance the amount of soluble solids in different 
fruit cultivars, with specific combinations of light spectra 
yielding the best results for each cultivar. Plant second-
ary metabolites, such as phenolic compounds, have an 

Fig. 15 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 
656 nm, control (ambient light)) on Fe accumulation in four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol m− 2 
s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)

 

Fig. 14 Effect of different supplemental LED light spectra (red/blue, 3:1; R: B, with a peak of 656 nm, blue, with a peak at 450 nm, red, with a peak at 
656 nm, control (ambient light)) on leaf Fe concentration of four strawberry cultivars. The photosynthetic photon flux density (PPFD) was 215 ± 5 µmol 
m− 2 s− 1. The photoperiod of 11/13 h (day/ night) was maintained. Bars with different letters show significant differences at P ≤ 0.05 (Duncan)
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important role in light signaling and protecting plants 
against environmental biotic and abiotic stresses [47]. 
Phenolic compounds, which contain at least one phenol 
functional group in their structure, are subdivided into 
several types, including phenolic acids, quinones, flavo-
noids, coumarins, and tannins [48]. Anthocyanin, a type 
of flavonoid, is synthesized through the phenylpropanoid 
pathway and is one of the most common secondary 
metabolites found in strawberry fruits. This study dem-
onstrates that exposure to red and blue light, either alone 
or in combination, increases the concentration of antho-
cyanin in strawberry fruits. Light is a significant environ-
mental factor that affects anthocyanin accumulation, and 
the quality of light is particularly important. Blue and red 
light have been found to induce anthocyanin biosynthe-
sis when compared to darkness [49]. The impacts of light 
intensity level and spectrum on anthocyanin accumula-
tion are attributed to their effect on expression of genes 
involved in anthocyanin biosynthesis [50]. The molecu-
lar relationship between blue light receptors and antho-
cyanin accumulation has been extensively studied. High 
expression of phototropin has been found to correspond 
to increased anthocyanin content [51]. Additionally, blue 
light irradiation led to overexpression of cryptochrome, 
resulting in increase of anthocyanin accumulation [52]. 
Blue light is absorbed by cryptochromes, which affect dif-
ferent phases of plant growth, including the production 
of secondary fruit metabolites [53]. The biosynthesis of 
phenolic and anthocyanin compounds with blue light has 
also been demonstrated in tomatoes [54] and grapes [55]. 
The effect of supplemental blue and red light on anthocy-
anin accumulation has also been extensively investigated 
in many greenhouse plants and fruit crops [56].

Plants require a number of essential nutrients, one of 
which is potassium. This mineral is highly concentrated 
in the cytoplasm of plant cells, ranging from 100 to 200 
mM. It plays a crucial role in regulating plant growth and 
metabolism and affects most of the plant’s biochemical 
and physiological processes including osmotic regulation, 
enzyme activation, stomatal regulation, protein synthe-
sis, carbohydrate metabolism, ion balance [57]. Another 
essential element for plant growth and reproduction is 
magnesium, which is used in significant amounts. Mag-
nesium is responsible for various physiological functions 
in plant cells, including serving as a central atom in chlo-
rophyll, a vital component for photosynthesis [58]. It is 
also involved in CO2 absorption reactions that occur in 
the chloroplast [59]. Iron is also a vital component for 
plant growth, and it is essential for photosynthesis and 
chlorophyll synthesis. It’s a crucial component of elec-
tron chains and many vital enzymes in plants. The avail-
ability of iron in the soil determines the distribution of 
plant species in natural ecosystems and limits the yield 
and nutritional quality of crops. Insufficient absorption 

of iron leads to delayed growth, chlorosis between the 
veins, and reduced plant growth. Therefore, plants must 
use strategies to increase their mobility and absorb it 
sufficiently [60]. Mineral content in plants depends on 
several factors, including species and variety, maturity 
stages, growing seasons, and environmental factors such 
as light during the growth period [61]. light is crucial for 
nutrient uptake in plants because it provides the energy 
for photosynthesis, regulates stomatal opening for gas 
and water exchange, influences hormonal responses, and 
affects root growth and development [3]. By optimizing 
light conditions, such as intensity, duration, and quality, 
it is possible to enhance nutrient uptake and overall plant 
productivity. It is established that light quality can trig-
ger metabolic modifications in plants [62]. The current 
research has proven that the combination of blue and 
red light, which creates a supplemental light spectrum, 
leads to a higher mineral content in strawberry plants. 
Blue light plays a crucial role in this process as it is con-
trolled by the phototropin receptor and opens ion chan-
nels found in the cell plasma membrane, which increases 
the ion transport current [63]. Blue light also plays a cru-
cial role in the signaling process of cryptochromes, which 
are blue-light receptors that utilize blue-light energy to 
enhance the uptake of macro and micronutrients [64]. 
Several studies have shown that blue light supplementa-
tion has a positive effect on the accumulation of miner-
als in different types of plants [65]. Similarly, research 
has also indicated that red light has a beneficial effect 
on the mineral content of beet [66]. Red LED lights are 
believed to affect metabolic pathways and water absorp-
tion, leading to an increase in mineral element contents 
in leaves [67]. Limited information is currently available 
on the effects of blue and red light spectrums on the 
mineral content in strawberry cultivars. However, stud-
ies have been conducted on different ratios of blue and 
red light, which have shown similar trends in mineral 
nutrients in plants [68]. Research has revealed that the 
combination of 25% blue light and red light increases 
the mineral content in mustard plants [69]. There is not 
much information available on how mineral nutrients in 
plants are affected by varying light levels, according to a 
study by Alrifai et al. [70]. There are conflicting reports 
on the impact of red/blue light and monochromatic 
blue-red light with different ratios on mineral content in 
different plants, which depends on genotype and miner-
als. For instance, some researchers have found that the 
mineral content in marigolds is not significantly differ-
ent among treatments with different percentages of blue 
light, as per a study conducted by Sams et al. [71]. How-
ever, the combination of blue and red light with a signifi-
cant percentage of red light has been found to increase 
the content of certain minerals such as P, K, Ca, and Zn 
in plants [72], as well as N, P, K, and Mg in lettuce [73] 
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and various minerals in basil [74]. Additionally, previ-
ous studies have shown a positive effect of red light on 
mineral content in various plants. For example, research 
has demonstrated that red light plays a crucial role in the 
absorption of mineral nutrients and the stimulation of 
roots through multiple pathways, thanks to phytochrome 
photoreceptors in Arabidopsis [75]. On the other hand, 
a higher percentage of blue light leads to an increase in 
Mg in basil [76] and Ca in lettuce [67]. While studies have 
shown how different blue-to-red LED light ratios affect 
the uptake of mineral nutrients in aerial organs, there 
is limited information available on their impact on the 
uptake of minerals from the hydroponic nutrient solution 
into roots and from roots to shoots.

There are reports that suggest younger plants are more 
capable of absorbing metal ions [77]. This could be due 
to their more intense transpiration during leaf enlarge-
ment and stomatal development [78]. Additionally, some 
research indicates that metal elements can be trans-
ported to shoots as non-toxic elements, thanks to metal 
sequestration in plant root vacuoles [66]. Blue-to-red 
light ratios also play a role in mineral nutrient transloca-
tion in microgreens, but different plant species respond 
differently to different combinations of blue and red light, 
which affects their mineral nutrient uptake [79]. Simi-
larly, the present study highlights the varying effects of 
different supplemental light spectra on K and Fe accu-
mulation among different strawberry cultivars, while also 
demonstrating a consistent increase in Mg accumulation 
across all cultivars.

Conclusions
Different cultivars of strawberries have distinct growth 
strategies, which are influenced by the quality of light. A 
recent study examined how blue, red, and combined red-
blue light affect the absorption of elements and biochem-
ical traits of plants. Although LED technology shows 
promise for greenhouse cultivation, more research is 
needed to understand its effects on different plant variet-
ies under varying environmental conditions. Appropriate 
light quality and intensity are critical to plant growth, and 
the optimal combination differs based on the species or 
variety. It can be concluded that light quality is a signifi-
cant factor in strawberry plant growth, physiology and 
nutrition. Thus, providing a specific amount and quality 
of light is essential to achieve optimal growth for a par-
ticular species or variety.
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