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The Effects of Different Durations of Night-Time
Supplementary Lighting on the Growth, Yield, Quality and
Economic Returns of Tomato
Hongjun Yu 1,†, Peng Liu 1,†, Jingcheng Xu 1,2,† , Tanyu Wang 1, Tao Lu 1, Jie Gao 3, Qiang Li 1,*
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Abstract: To achieve higher economic returns, we employ inexpensive valley electricity for night-time
supplementary lighting (NSL) of tomato plants, investigating the effects of various durations of
NSL on the growth, yield, and quality of tomato. Tomato plants were treated with supplementary
light for a period of 0 h, 3 h, 4 h, and 5 h during the autumn–winter season. The findings revealed
superior growth and yield of tomato plants exposed to 3 h, 4 h, and 5 h of NSL compared to their
untreated counterparts. Notably, providing lighting for 3 h demonstrated greater yields per plant
and per trough than 5 h exposure. To investigate if a reduced duration of NSL would display similar
effects on the growth and yield of tomato plants, tomato plants received supplementary light for 0 h,
1 h, 2 h, and 3 h at night during the early spring season. Compared to the control group, the stem
diameter, chlorophyll content, photosynthesis rate, and yield of tomatoes significantly increased upon
supplementation with lighting. Furthermore, the input–output ratios of 1 h, 2 h, and 3 h NSL were
calculated as 1:10.11, 1:4.38, and 1:3.92, respectively. Nonetheless, there was no detectable difference
in yield between the 1 h, 2 h, and 3 h NSL groups. These findings imply that supplemental LED
lighting at night affects tomato growth in the form of light signals. Night-time supplemental lighting
duration of 1 h is beneficial to plant growth and yield, and its input–output ratio is the lowest, which
is an appropriate NSL mode for tomato cultivation.

Keywords: tomato; night-time supplemental light; yield; signal; economic returns

1. Introduction

In light of a recent investigation, solar greenhouses have become the most important
facilities in protected vegetable production in northern China. Light deficiency is one of
the critical environmental limiting factors affecting crop yield for the greenhouse vegetable
production [1]. Light is a key environmental variable, whose effects on plant growth
and development are mainly reflected in three aspects, including light intensity [2], light
quality [3,4] and illumination time [5], which can regulate plant morphogenesis, photosyn-
thesis [6], material metabolism and yield [7,8]. Poor irradiance is one of the major limiting
factors for plant growth and development, especially for vegetative growth. Some papers
have described that plants under low-light conditions suffer from improper metabolism
and senescence acceleration [9,10]. Low solar radiation is harmful to the photosynthesis of
rice, which hinders the accumulation and distribution of dry matter, resulting in a lower
yield and poor quality of rice [11]. Artificial regulation and optimization of light conditions
can improve the photosynthetic characteristics [12], promote crop growth [13], increase the

Plants 2024, 13, 1516. https://doi.org/10.3390/plants13111516 https://www.mdpi.com/journal/plants1
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yield [14], enhance the quality, and effectively delay the organ senescence of plants [15].
Some researchers have verified that light supplementation by LED can enhance the photo-
synthetic capacity of cucumber [16], and at bloom time, supplementary illumination can
markedly promote the growth of cucumber fruits [17].

In recent years, LED supplementary lighting technology has been commonly used in
protected agricultural production. Numerous studies have confirmed that LED lighting
supplementation can be beneficial to crop growth and development, increase yield and
improve quality [15,18]. Previously, several meaningful studies about the effects of light
intensity and light quality on the performance of different plants were conducted [19,20],
but there is little research available to elucidate the effects of NSL duration on tomato
growth, especially studies on the effects of NSL duration on the whole growth cycle of
tomato and the corresponding economic returns.

To enhance the energy resource utilization efficiency and incentivize electricity con-
sumers to allocate electrical power consumption rationally, utility firms segment 24 h per
day into peak (8:00–22:00) and off-peak (22:00–8:00) intervals, offering varying electricity
rates during these respective timescales. During our experimental setup, we circumvent the
most heavily utilized interval of electric power consumption (i.e., the ‘peak’ period), instead
opting to initiate illumination once the cost of electricity plummets (i.e., the ‘valley’ period).
The primary aim of this study is to investigate the influence of night-time supplementary
light (NSL) on tomato development and fruitfulness throughout various developmental
phases, as well as assess its impact on tomato yield and potential monetary rewards. No
conclusive association was observed between the length of additional lighting and tomato
yield, despite previous findings from daylight studies suggesting that such treatment’s
advantages escalated alongside extended exposure durations [21,22]. Consequently, we
aimed to verify if the enhancement in crop growth and output induced by nocturnal sup-
plementary illumination correlates with lighting duration. As a means to delve deeper
into this phenomenon, we reduced the elongating photoperiod, adding an experiment
encompassing supplementary lighting durations of 1 h, 2 h, and 3 h. Our investigations
served to thoroughly evaluate the effects of NSL upon tomato development, identify the
optimal lighting duration, and establish a solid foundation for developing a low-cost yet
highly advantageous nocturnal supplementary lighting technique capable of widespread
implementation.

2. Materials and Methods
2.1. Experimental Materials

The tomato variety DER0899 was selected as the plant material in this experiment.
Tomato seeds were successfully germinated and sown in 32-plug trays on 18 July 2016
and 10 January 2017, respectively. Seedlings reaching the four true-leaf stage (10 Au-
gust 2016 and 22 February 2017, respectively) were transplanted into cultivation trough
(7 m long × 0.35 m wide × 0.15 m deep) and each trough had 39 tomato seedlings. The
cultivation substrate was cocopeat, provided by Beijing Yinong Agricultural Technology
Company, Beijing, China. The organic fertilizer used in this trial was produced by Qian’an
Fusheng Animal Husbandry Technology Company, Tangshan, Hebei, China. This or-
ganic fertilizer was blended with coconut coir at a rate of 55 kg:1 m3 (w/v). The drip
irrigation system used an integrated precision automatic control system provided by Bei-
jing Zigvine Technology Company, Beijing, China. With soil humidity ≤ 40% and light
intensity ≥ 450 µmol·m−2·s−1, the drip irrigation system started and ran for four minutes.
The planting density was 4 plants per square meter. The formula of the nutrient solution
used in the experiment is the special Yamazaki tomato formula (Table 1) [23].
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Table 1. Composition of special nutrient solution for tomato proposed by Yamazaki.

Macronutrients Final Concentration
(mg/L) Micronutrients Final Concentration

(mg/L)

Ca(NO3)2·4H2O 614 EDTA-FeNa·3H2O 6.4
KNO3 430 MnSO4·H2O 1.7

NH4H2PO4 267 ZnSO4·7H2O 1.5
(NH4)2SO4 33 Na2B4O7·8H2O 4.8

MgSO4·7H2O 430 CuSO4·5H2O 0.2
K2SO4 397 Na2MoO4·2H2O 0.2

LED tubes (97 cm × 10 cm) used as supplemental lighting sources were obtained
from Chongqing Xinglian Yunke Technology Development Co., Ltd, Chongqing, China.
The total power of each LED tube was 70W, and the red–blue light ratio was 2:1, produc-
ing an estimated photosynthetically active photon flux density (PPFD) of approximately
88 µmol·m−2·s−1 when measured at a distance of 10cm from the LED module. For each
cultivation trough, four LED tubes were installed vertically above the plant canopy at a
height of around 50 cm, with the distances between the LED tubes and the plant canopy
adjusted based on the plant’s growth and kept constant during the entire experiment. The
measured light intensity reaching the plant canopy was approximately 30 µmol·m−2·s−1.

2.2. Experimental Design

The NSL trial of the autumn–winter season (AW) tomato was conducted in the solar
greenhouse of the Xiaotangshan special vegetable base. The experiment consisted of
4 treatments, including control (without lighting supplementation), supplemental lighting
for 0, 3 h (23:00~02:00), 4 h (23:00~03:00), 5 h (23:00~04:00). To tomato plants with six true
leaves, supplemental lighting at night was applied from 17 August 2016 to 30 October 2016.
The experiment consisted of three replicates and the total number of the four treatments
was 468, and each cultivation trough was used as a replication. The average sunlight
exposure time in the greenhouse was 8 h per day, with an average light intensity of
250 µmol·m−2·s−1. The temperature inside the greenhouse was 23–26 ◦C and 10–12 ◦C
during the day and night, respectively.

In order to further explore the effect of the duration of NSL on tomato production, the
NSL trial of the early spring (ES) season tomato was conducted in the solar greenhouse of
the Xiaotangshan special vegetable base. The experiment consisted of 4 treatments, includ-
ing control (without lighting supplementation), supplemental lighting for 1 h (23:00~00:00),
2 h (23:00~01:00), 3 h (23:00~02:00). To tomato plants with six true leaves, supplemental
lighting at night was applied from 28 February 2017 to 14 May 2017. The experiment
consisted of three replicates and the total number of the four treatments was 468, and each
trough was used as a replication. The average sunlight exposure time in the greenhouse
was 10 h per day, with an average light intensity of 300 µmol·m−2·s−1. The temperature
inside the greenhouse was 26–32 ◦C and 15–18 ◦C during the day and night, respectively.

Black clothes were used for blocking the light from adjacent troughs of other treat-
ments at night, and they were removed during the day. The drip irrigation system, a
water- and fertilizer-integrated precision automatic control system that could automati-
cally irrigate based on substrate humidity and light intensity, was employed in this trial.
After completion of these trials, the values of each electric meter were recorded for use in
calculating the energy consumption per tank.
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2.3. Measurements and Methods
2.3.1. Plant Growth

On days 15, 30, 45, 60, and 75 following the illumination treatment (DAT), plant height,
stem diameter (measured using a scale with the fifth leaf beneath the apex closed), and
chlorophyll content were measured from 18 randomly selected plants from each group
during each observation period using ruler, electronic vernier caliper, and SPAD-502 Plus
chlorophyll meter, respectively.

2.3.2. Leaf Net Photosynthesis Rate

At 15, 45, and 75 days post initiation of supplementary lighting, the net photosynthesis
rate for three independently growing tomato plants per experimental replicate was assessed
using a portable LI-6400 photosynthesis system (LI-6400XT, Li-COR, Inc., Lincoln, NE, USA)
as described previously [24]. The parameters used were as follows: photosynthetic photon
flux density, 1000 µmol·m−2·s−1; and air flow rate inside the sample chamber, 400 mol·s−1.

2.3.3. Fruit Yield

The yield per trough for each treatment was calculated by the cumulative yield
throughout the harvest time, yield per plant, and single-fruit weight of 18 selected tomato
plants weighed by an electronic balance.

2.3.4. Fruit Quality

Ripe tomato fruits with uniform maturity were randomly selected from each treatment
to measure the nutritional quality parameters, including titratable acid content, soluble
sugar content, Vitamin C content and soluble solids’ content, determined by titration with
sodium hydroxide, anthrone-sulfuric acid colorimetry, spectrophotometer colorimetry and
portable Abbe refractometer, respectively.

2.4. Statistical Analysis

All data were analyzed using Excel 2003 and SPSS 17.0 software, and the statistical
significance of the differences between treatments was determined by Duncan’s multiple
range test (p < 0.05). Different letters indicate significant differences.

3. Results
3.1. Effects of NSL Duration on Plant Height of Tomato

In the autumn–winter season, the plant height of tomatoes cultivated under 3 h NSL
was strikingly higher than that of other treatments. And there was no significant difference
between the plant height of tomatoes cultivated under 4 h and that of the control. However,
compared with the control, the plant height of tomatoes under the 5 h supplementary
lighting treatment decreased markedly 30 and 60 days after the lighting treatments (DAT),
and no difference was observed at other times (Figure 1A).

In the early spring season, the tomato plants to which artificial night-time lighting
for 1 h was applied were shorter than the plants without lighting supplementation after
15 days. However, there was no difference among the four treatments 30 DAT. Additionally,
the tomatoes receiving the 2 h supplemental lighting treatment were obviously taller than
those of other groups on 45 DAT, but the plant height of lighting treatments increased from
60 to 75 DAT, and the plant height of the 2 h night-time lighting supplementation group
was markedly lower than that of the other treatments. Moreover, there was no difference in
tomato plant height between those subjected to lighting for under 3 h and those without
lighting (Figure 1B).
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Figure 1. Effects of NSL duration on plant height of tomato in the autumn–winter season (A) and the
early spring season (B). Different letters indicate statistically significant differences (p < 0.05).

3.2. Effects of NSL Duration on Stem Diameter of Tomato

In the autumn–winter season, compared to the control, the exposure of tomato plants
to supplementary lighting contributed to a marked increase in stem diameter from 15 to
60 DAT. The tomato stem diameter of the 3 h lighting treatment was remarkably increased,
except on 75 DAT. And the tomato stem diameter of the 4 h and 5 h lighting treatments
was increased significantly except on 30 and 75 DAT. Among different lighting treatments,
the stem diameter of tomato was similar 15 DAT, but the group in which supplemental
lighting for 3 h was used had a thicker stem diameter than that with 5 h lighting 30 DAT. In
addition, the group of supplemental lighting for 3 h showed better behavior than the 4 h
and 5 h groups regarding the tomato stem diameter from 45 to 75 DAT (Figure 2A).

In the early spring season, compared to the control, the three supplementary illumi-
nation treatments could remarkably increase the stem diameter, except on 60 DAT. The
tomato stem diameter of the 3 h of NSL group increased strikingly 60 DAT compared to
that of the control. Among the various durations of the NSL treatments, exposing tomato
plants to 1 h NSL showed a better result than 2 h and 3 h on stem diameter 15 DAT. Tomato
plants treated with supplemental lighting for 1 h and 2 h had a thicker stem diameter than
3 h 30 DAT. No significant difference in tomato stem diameter was noted among those
lighting supplementation treatments on 45 and 60 DAT. The stem index was remarkably
higher by the addition of lighting for 3 h than 1 h and 2 h, but a non-significant difference
was detected between the treatments with lighting for 1 h and 2 h at 75 DAT (Figure 2B).
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Figure 2. Effects of NSL duration on stem diameter of tomato plants in the autumn–winter season (A)
and the early spring season (B). Different letters indicate statistically significant differences (p < 0.05).

3.3. Effects of NSL Duration on Chlorophyll Content

In the autumn–winter season, compared to the control, all three night-time supple-
mental lighting treatments could obviously enhance the chlorophyll content presented in
tomato leaves on 15 and 45 DAT, but there was no significant difference among the three
lighting groups. A total of 30 DAT, the chlorophyll content of tomato plants receiving 3 h
and 5 h night-time lighting supplementation tended to be markedly higher than that of
plants without supplementing lighting. And the 5 h supplementary illumination treatment
led to significantly higher chlorophyll content than the 3 h lighting treatment, while no dif-
ference was observed between the 3 h and 4 h lighting treatments. The chlorophyll content
was similar in the absence or presence of supplemental illumination 60 DAT (Figure 3A).

In the early spring season, the chlorophyll content of the supplemental lighting groups
was significantly increased compared to that of the control from 15 to 75 DAT. Groups
utilizing night-time lighting supplementation had the same effect on the SPAD value. The
chlorophyll content of tomato plants cultured under 1 h night-time lighting tended to be
markedly higher than that of the other two lighting treatments, and there was no remarkable
difference between the other two lighting groups on 30 DAT. A total of 60 DAT, tomato
plants exposed to 1 h lighting supplementation contained a markedly higher chlorophyll
content relative to the other two supplemental lighting treatments, and the 3 h lighting
group had a lower chlorophyll content than the 2 h lighting group (Figure 3B).
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Figure 3. Effects of NSL duration on the chlorophyll content of tomato leaves in the autumn–winter
season (A) and the early spring season (B). Different letters indicate statistically significant differences
(p < 0.05).

3.4. Effects of NSL Duration on Net Photosynthetic Rate

In the autumn–winter season, the net photosynthetic rate of the supplemental lighting
groups was significantly enhanced compared to that of the control while no obvious
difference was noted among the lighting supplementation treatments on 15 DAT. The net
photosynthetic rate of the tomato plants with 5 h lighting was markedly higher than that
of the other groups 45 DAT, while the other three groups had a consistent effect on the
photosynthetic rate. On 75 DAT, the net photosynthetic rate of tomato plants grown under
4 h night-time lighting supplementation tended to be obviously higher than the other
treatments’, but there was no remarkably different treatment effect between the control and
the other two lighting groups (Figure 4A).

In the early spring season, it can be observed that compared with the control, the net
photosynthetic rate enhanced obviously in all different lighting supplementation treatment
groups. No significant difference in the net photosynthetic rate was noted between the
three lighting treatments on 15 and 45 DAT. Supplementing lighting for 2 h and 3 h had
the same influence of photosynthetic capability, and the 1 h lighting treatment had a better
effect than the other two lighting treatments on the photosynthetic parameter (Figure 4B).
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Figure 4. Effects of NSL duration on net photosynthetic rate of the autumn–winter season tomato (A)
and the early spring season tomato (B). Different letters indicate statistically significant differences
(p < 0.05).

3.5. Effects of NSL Duration on Tomato Yield and Input–Output Ratio

In the autumn–winter season, compared with the no additional lighting group, the
single-fruit weight, yield per plant and yield per trough of the lighting supplementation
groups increased significantly; however, those night-time supplemental lighting treatments
exerted an equivalent influence on single-fruit weight. Supplementing lighting for 3 h
showed better performances than 5 h on yield per plant and yield per trough. Among the
three lighting groups, the 3 h supplemental lighting group had the least electricity input,
accompanied by the highest increased yield per trough and the biggest input–output ratio
1:6.37 (Table 2).

In the early spring season, the treatment of 3 h NSL led to significantly higher single-
fruit weight than that of the control, while the other two supplemental lighting treatments
matched up with the control on this index. Among the three lighting groups, no marked
difference was found in single-fruit weight. The yield per plant and the yield per trough of
all lighting addition treatments were significantly higher than those of the control. Although
the electricity consumption was different among the three lighting supplementation groups,
there was no significant difference in yield per plant and yield per trough. In summary,
supplementing lighting for 1 h had the biggest input–output ratio, 1:10.11 (Table 2).

The input of electricity charge was CNY 0.3 per kWh, and the output of tomato fruit
was CNY 4 per kilogram. The one-off input of LED tubes was not included in this table.
Different letters indicate statistically significant differences (p < 0.05).
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3.6. Effects of NSL Duration on Fruit Quality of Tomato

In the autumn–winter season, the concentration of Vitamin C and soluble solids in
tomato fruits under night-time supplemental LED lighting for 3 h was significantly greater
than that of the control, while titratable acidity was markedly lower than that of the control.
The soluble sugar content of tomato fruits irradiated with 3 h supplementary illumination
seemed to be higher than that of plants subjected to darkness at night but the difference was
not significant between the two groups. Compared with the control, the content of titratable
acid and Vitamin C in tomato fruits exposed to 4 h night-time lighting supplementation was
markedly higher, and the content of soluble sugar and soluble solids was also higher than
that of the control but the difference did not reach a significant level. The tomato fruits of the
5 h night-time supplementary illumination group stored remarkably more titratable acid,
soluble sugar and soluble solids than those of the control, while no remarkable difference
in Vitamin C content was found between them. The 3 h supplemental lighting application
group had the best performance on the acid–sugar ratio and total soluble solids–acid ratio
among the four treatments (Table 3).

Table 3. Effects of NSL duration on fruit quality of tomato.

NSL Duration
(Hours)

The Autumn–Winter Season

Titratable
Acidity (%) Soluble Sugar (%) Vitamin C

(mg/100 g)
Total Soluble

Solids (%) Acid-Sugar Ratio Total Soluble
Solids-Acid Ratio

0 0.25 ± 0.002 b 1.57 ± 0.08 b 16.14 ± 0.84 c 2.93 ± 0.07 c 6.24 11.67
3 0.22 ± 0.002 c 1.64 ± 0.07 ab 19.54 ± 0.34 ab 3.37 ± 0.07 b 7.33 15.00
4 0.27 ± 0.00 a 1.58 ± 0.09 b 21.24 ± 0.87 a 3.03 ± 0.03 c 5.75 11.04
5 0.28 ± 0.006 a 1.87 ± 0.02 a 17.22 ± 0.77 bc 3.97 ± 0.03 a 6.55 13.93

The early spring season

0 0.62 ± 0.007 a 1.92 ± 0.04 b 21.54 ± 0.50 b 5.00 ± 0.00 c 3.10 8.12
1 0.54 ± 0.02 b 2.03 ± 0.08 b 21.90 ± 0.49 b 5.17 ± 0.03 b 3.77 9.59
2 0.63 ± 0.006 a 2.49 ± 0.04 a 26.27 ± 0.08 a 6.17 ± 0.03 a 3.94 9.74
3 0.49 ± 0.005 b 1.95 ± 0.009 b 21.56 ± 0.20 b 5.03 ± 0.03 c 3.98 10.27

Different letters indicate statistically significant differences (p < 0.05).

In the early spring season, the 1 h lighting treatment improved the content of soluble
solids compared to the control and the 3 h lighting group; in addition, titratable acidity
was significantly lower than that of the control, and the content of Vitamin C and soluble
sugar was found to be insignificant compared with that of the control. The content of
soluble sugar, Vitamin C and soluble solids accumulated in tomato fruits exposed to 2 h
supplementary illumination was markedly modified compared tot to that of the other
treatments. The content of titratable acid of tomato fruits exposed to 2 h night-time lighting
supplementation was significantly higher than that of the 1 h and 3 h lighting treatments but
was insignificant compared with that of the control. The tomato fruits of the 3 h night-time
supplementary illumination group contained considerably less titratable acid than those of
the control but had an equal level of soluble sugar, Vitamin C and soluble solids compared
with the control. The control had a lower acid–sugar ratio and total soluble solids–acid
ratio than all supplementary illumination treatments, indicating that supplemental lighting
at night had a positive effect on the quality improvement of tomato fruits (Table 3).

4. Discussion
4.1. NSL Affects Tomato Production in the Form of Light Signals

With the wide application of LED lights, it is possible to supplement lighting in plant
factories and facilities [25]. Recently, numerous studies have examined the effects of various
factors related to supplementary lighting duration, quality [26], and intensity [27] on plant
growth during the day. However, there is only a limited number of studies examining
the impact of nocturnal supplementary lighting on plant development. In our study, we
employed night-time supplementary lighting technology to disrupt the dark cycle of plants.
Additionally, the intensity of supplementary lighting used in this experiment at night was
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30 µmol·m−2·s−1, which did not supply sufficient energy for photosynthesis in tomatoes.
Notably, our findings indicate that nocturnal supplementary lighting can substantially
enhance the photosynthetic rate in the daytime, yield, and quality of tomatoes. Thus, we
hypothesize that nocturnal supplementary lighting may serve as a type of light signal
promoting plant growth.

Nocturnal supplementary lighting disrupts the circadian rhythms of plants, which can
influence multiple aspects of plant physiology [28,29]. Additionally, Velez-Ramirez et al.
found that the expression of CAB-13 (III light harvesting chlorophyll a/b binding protein 13)
is regulated by the circadian rhythm, and this protein can regulate the effects of photosystem
I and II light harvesting, which is an important factor affecting plant photosynthesis [30].
The results of our experiment show that supplemental lighting at night can improve the
photosynthetic capacity during the whole production period of tomato in the early spring
season and the early stage of tomato in the autumn–winter season (Figure 4), and that is
consistent with the report by Tewolde et al. [31]. The chlorophyll content and distribution in
plant leaf tissue also affects photosynthetic capacity. It has been reported that supplemental
lighting at night increases the chlorophyll content in the middle and lower canopy of
tomato [31]. This experiment also found that supplemental lighting at night increased the
chlorophyll content of tomato (Figure 3). The increase in chlorophyll content may be one of
the reasons why supplemental lighting at night promotes photosynthesis during the day.

Assimilate partitioning plays a crucial role in plant growth and morphological de-
velopment [32]. Light qualities and photoperiods affect how assimilates distribute within
plants [33,34]. Whether night-time supplementary lighting, acting as light signals, regulates
the distribution of assimilates remains to be further investigated. These findings offer novel
insights and approaches for regulating environmental light in plant factories and facilities.

4.2. The Duration of Night-Time Supplemental LED Has No Effect on Tomato Yield

In the present research, the findings of the night-time lighting supplementation exper-
iment in autumn suggest that supplementing lighting for 3 h, 4 h and 5 h at night could
promote the growth of tomato plants at the earlier growth stage and significantly increase
the yield of tomato. However, supplementing lighting for 3 h showed better performances
than 5 h on the yield per plant and yield per trough. To further refine the duration and verify
our hypothesis that improved plant growth and yield through night-time supplementation
might not necessarily correlate with the length of NSL, we reduced the durations from
3 h, 4 h, and 5 h to 1 h, 2 h, and 3 h during the early spring test, respectively. Nonetheless,
there was no significant difference in single-fruit weight, yield per plant or yield per trough
among the three lighting groups in the early spring season.

Interestingly, we discovered that extended exposure to night-time supplemental light-
ing does not guarantee an increased tomato yield. Under these conditions, the maximum
yield and the highest input–output ratio were achieved when tomato plants received sup-
plementary lighting for 1 h at night. This is inconsistent with many previous reports in the
literature [35]. The rationale behind this phenomenon lies in the fact that the night-time
supplementary lighting employed in this study functions as light signals to disrupt the
tomato’s dark cycle. Moreover, excessive supplementary lighting can lead to both energy
wastage and detrimental effects on plants [36,37]. One possible explanation for this finding
is the carbon imbalance induced by persistent supplementary lighting, which hindered
photosynthesis, leaf senescence, and photodamage in tomatoes [38]. Moreover, numerous
photoreceptors are involved not only in sensing and responding to light, but also in tem-
perature cues [39]. In previous studies, short days and high temperature accelerated the
growth of plants [40]. We found that the effect of the NSL trial in early spring is better than
that in the autumn–winter season, which is likely due to the higher temperature in the
early spring greenhouse than in the autumn and winter greenhouse. Subsequently, we plan
to shorten the duration of night-time supplemental lighting even further to achieve a more
effective tomato night-time supplementary lighting pattern.
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Using LED to improve the lighting conditions during the process of tomato growth
and development is a feasible and efficient method to improve the quality of tomato fruit.
Li et al. found that supplementing light in the morning promoted the accumulation of
vitamin C, organic acids and sugar [5]. However, we found that the content of soluble sugar,
Vitamin C and soluble solids accumulated in tomato fruits subjected to 2 h supplementary
illumination was markedly modified compared to that of other treatments in early spring,
and the content of titratable acid and Vitamin C in tomato fruits exposed to 4 h night-
time lighting supplementation was markedly higher, but the content of soluble sugar in
tomato fruits exposed to 5 h night-time lighting supplementation was markedly higher in
autumn–winter season. Further research is needed to explain this phenomenon.

5. Conclusions

In this experiment, tomato plants were irradiated at night with red and blue dichro-
matic light at an intensity of 30 µmol·m−2·s−1, and the results indicated that night-time
lighting supplementation can promote plant growth. Therefore, we speculate that night-
time supplementary lighting affects tomato production in the form of light signals. Interest-
ingly, the duration of night-time supplemental LED has no effect on tomato yield. The total
yield per plant, the yield per trough and the input–output ratio were the highest in the
treatments with 1 h of supplemental lighting at night in spring stubble. In order to obtain
the maximum economic returns, supplementing lighting for 1 h at night should be se-
lected for tomato cultivation, which has the highest input–output ratio in all supplemental
lighting treatments.
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Abstract: Controlled environment agriculture is a promising solution to address climate change and
resource limitations. Light, the primary energy source driving photosynthesis and regulating plant
growth, is critical in optimizing produce quality. However, the impact of specific light spectra during
night interruption on improving phytochemical content and produce quality remains underexplored.
This study investigated the effects of red (peak wavelength at 660 nm) and far-red night interruption
(peak wavelength at 730 nm) on photosynthetic efficiency, biomass distribution, and phytochemical
production in Italian basil (Ocimum basilicum L.). Treatments included red light, far-red light, a
combination of both, and a control without night interruption. Red light significantly increased
chlorophyll a by 16.8%, chlorophyll b by 20.6%, and carotenoids by 11%, improving photosynthetic
efficiency and nutritional quality. Red light also elevated anthocyanin levels by 15.5%, while far-
red light promoted flavonoid production by 43.56%. Although red light enhanced biomass, the
primary benefit was improved leaf quality, with more biomass directed to leaves over roots. Far-red
light reduced transpiration, enhancing post-harvest water retention and shelf life. These findings
demonstrate that red and far-red night interruption can optimize phytochemical content, produce
quality, and post-harvest durability, offering valuable insights for controlled environment agriculture.
Future research should focus on refining night interruption light strategies across a broader range of
crops to enhance produce quality and shelf life in controlled environment agriculture.

Keywords: phytochemical enhancement; light spectrum manipulation; biomass allocation;
Ocimum basilicum; controlled environment agriculture; photosynthesis

1. Introduction

The production of plants under artificial light is a modern agricultural technology that
optimizes plant growth independently of seasonal variations in controlled environment
agriculture (CEA) systems [1]. In these systems, light-emitting diodes (LEDs) supply the
specific light spectra required for plant growth and development [2]. This allows the
establishment of ideal environmental conditions, resulting in rapid development, higher
yields, and outstanding produce quality while lowering the demand for natural resources
and mitigating the impacts of climate change [3,4]. Nevertheless, the expensive initial setup
and operational expenses, precise control required over all the environmental cues, and the
requirement for specialized expertise and technology have limited the widespread use of
this technology for crop production [5].

Providing a proper lighting environment for crops is of immense importance in CEA.
Several light attributes, including quality, intensity, and duration, influence the growth
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and development of crops under CEA conditions. The design and implementation of
proper light quality in CEA has attracted attention nowadays. Light quality, including
spectral composition and wavelength ratio, strongly affects plant growth, physiology, and
development. For instance, red (R) light, with a wavelength between 600 and 700 nm [6],
increases growth, photosynthetic capacity, and the production of secondary metabolites
that are essential for flavor and food quality [7,8]. Despite some adverse reports related to
its sole application, R light enhances plant photosynthesis by increasing the production
of photosynthetic pigments, which in turn boosts CO2 uptake and leads to an increase
in biomass [7]. Far-red (FR) light, with a wavelength between 700 and 800 nm, is widely
acknowledged as an essential factor affecting plant growth physiology. FR light enhances
vegetative growth and stimulates the reproductive development of horticultural crops [6,9].
FR light can either promote or suppress flowering, depending on its presence in the pho-
toperiod [10]. It also contributes to the shade avoidance response. It influences the length
of stems and the morphology of plants, resulting in an overall increase in total biomass
and growth rate of plants [11]. Plants adjust their growth to compete for light in crowded
environments with limited light intensity for normal photosynthesis and plant growth.
Phytochromes are R and FR light photoreceptors that regulate plant development through
their ability to switch between active (Pfr) and inactive (Pr) forms. This switching mecha-
nism influences seed germination, shade avoidance, flowering, and biomass allocation [12].
The ratio of R to FR light influences the Phytochrome Photo-Stationary State (PSS), affecting
the balance between the inactive and active forms of phytochromes (Pr and Pfr forms) [13].
This balance is essential, as it determines how plants respond to their light environment,
making these light spectra vital for plant development and adaptation in CEA.

Night interruption (NI) is a horticulture method employed to change the plants’
photoperiod by supplying light during the night [14]. This approach subjects plants to
night-time light exposure for a specific period, which affects their circadian rhythms and
photoperiodic responses [15]. NI can manage energy consumption by changing certain
parts of the lighting period to the dark period when demand and expenses are reduced,
thus avoiding peak rates while maintaining optimal growth [16]. This method has been
reported as a beneficial approach in CEA systems for maximizing plant development
and yield [17,18].

Basil (Ocimum basilicum L.) is a member of the Lamiaceae family, which includes more
than 150 species of aromatic plants. It is native to tropical regions of Asia and Africa [19].
Italian basil is well known for its distinct taste and essential oils. Italian basil cultivars
exhibit variations in their physical traits and essential oil composition compared to other
sweet basil varieties. They have larger leaves, with high levels of specific metabolites [20,21].
The production of Italian basil under artificial light in CEA has attracted attention. While
there were prior studies involving light manipulation in other crops, the present study
on night interruption with R and FR light usage in basil and its particular influence on
phytochemical production presents new knowledge for research in CEA setups. The
findings enable the further understanding of how light spectrum manipulation at night
could optimize growth and quality in basil and further improve CEA practices at the
commercial level. Therefore, the present study was designed to investigate the impact
of NI using R and FR light spectra on the photosynthetic efficiency, biomass production,
partitioning, and phytochemical production of Italian basil (Ocimum basilicum L.). Using
NI with R and FR light spectra is expected to enhance plant growth and phytochemical
production in Italian basil under CEA conditions.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The experiment was conducted at the Controlled Environment Agriculture Center
(CEAC), Faculty of Agricultural Technology (Aburaihan), College of Agriculture and
Natural Resources, University of Tehran, Iran. The seeds of Italian basil were initially
planted in 50-cell trays filled with coir pith and perlite at a ratio of 1:2. The seeds were
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cultivated in a controlled environment under white light, at 25 ± 2 ◦C and relative humidity
between 60 ± 10%. This ensured an optimal setting for germination and initial growth.
Once the seeds had successfully germinated and the seedlings had four leaves, they were
transplanted into pots with 15 cm diameters and 10 cm height. The pots were filled with a
substrate-containing coir pith and perlite at a ratio of 1:1. This ratio promotes the growth
of roots and provides stability for the plants. Subsequently, the plants were irrigated with
Hoagland solution [22] by adjusting the pH to 5.7, and the electrical conductivity of the
nutrient solution was 1.8 ds m−1.

2.2. Treatments

A mixture of red and blue light spectra was used at a ratio of 70% red light to 30% blue
light (R-B), with an intensity of 200 µmol m−2 s−1 [23], provided by LED light modules
(Parcham Company, Pakdasht, Tehran, Iran). The light period was 12 h (6 a.m. to 6 p.m.).
This combination of light was used to grow all the plants during the light period. The
experimental treatments included different NI lighting spectra, including NI with R light
spectrum (NI-R), NI with FR light spectrum (NI-FR), NI with a combination of R and FR
light spectra in a 1:1 ratio (NI-R-FR), and a control treatment without NI (C). During the
dark period (6 p.m. to 6 a.m.), the NI was applied for two hours, from 12 a.m. to 2 a.m. The
intensity of the R and FR light was 100 and 30 µmol m−2 s−1, respectively. The intensities
for the R-FR were kept at 100 µmol m−2 s−1 by adjusting the height of the light modules
from the plant canopy.

The treatments were continued for 4.5 weeks after applying. Finally, the collected
samples were sent to the laboratory for additional analysis.

The daily light integral of 8.64 mol m−2 d−1 was maintained across all treatments,
ensuring consistency in the amount of light each plant received apart from NI light treat-
ments in the experiment. Therefore, 0.72 mol m−2 d−1 of DLI was added to the NI-R and
NI-R-FR. The added DLI for NI-FR was 0.22 mol m−2 d−1. Light intensities and spectra
were carefully monitored using a Sekonic light meter (Sekonic C-7000, Tokyo, Japan). The
spectral composition of different light treatments is presented in Figure 1. PSSs for R-B,
NI-R, NI-FR, and NI-R-FR were 0.87, 0.89, 0.14, and 0.87, respectively. The PSS was calcu-
lated based on the method described by Sager et al. [24]. The treatments were applied for
4.5 weeks before the collected samples were sent to the laboratory for further analysis. The
growth chambers maintained an average temperature of 25 ± 2 ◦C, a CO2 concentration
of 400 ± 50 ppm, and a relative humidity of 50 ± 5%.
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2.3. Phytochemical Measurements
2.3.1. Extraction

Young adult-developed leaves were picked from the plants. Liquid nitrogen was
poured over them, and the samples were powdered using a mortar and pestle. The
powdered samples were used for the extraction process. To measure total phenols and
flavonoids, 300 mg of plant sample powder was mixed with 3 mL of 80% methanol
(1:10 ratio). This mixture was placed in an ultrasonic device at 40 ◦C for 20 min [25].
Subsequently, the samples were centrifuged at 3000× g for 15 min, and the supernatant
was separated as the extract for evaluating the compounds mentioned above.

150 mg of plant sample powder was mixed with 2 mL of ethanol acidified with
1% hydrochloric acid to prepare the extract for measuring anthocyanin content. This
mixture was then placed in a shaker incubator at 4 ◦C for 24 h. The samples were centrifuged
at 5500× g for 5 min, and the supernatant was used as the extract.

2.3.2. Measurement of Phenols, Flavonoids, and Anthocyanins

The Folin-Ciocalteu reagent was used to assess the total phenol content by recording
the absorbance of the samples at a wavelength of 730 nm. A calibration curve was drawn
using gallic acid concentrations of 0, 100, 200, 300, 400, and 500 mg mL−1 [26]. The optical
absorbance of flavonoids was measured at a wavelength of 415 nm to evaluate the flavonoid
content. Different concentrations of quercetin were used to plot the standard curve [27]. To
measure the anthocyanins content, the absorbance of the supernatant obtained from the
extract in Section 2.3.1 was read at 530 nm and 657 nm [28]. The anthocyanin content was
calculated using the following formula:

Relative Anthocyanin Content = Absorbance at 530 nm − (Absorbance at 657 nm × 0.25)

2.4. Measurement of Photosynthetic Pigments

To determine the amounts of chlorophyll a, chlorophyll b, and carotenoids, 150 mg
of leaf powder was mixed with 2.5 mL of 80% acetone. The mixture was then centrifuged
at 8000 rpm for 10 min. The supernatant was collected, and its absorbance was mea-
sured at wavelengths of 646 nm, 663 nm, and 470 nm. The concentrations of chloro-
phyll a, chlorophyll b, and carotenoids were calculated using the formulas provided
by Lichtenthaler (1987) [29].

2.5. Post-Harvest Measurements
Leaf Desiccation Response

Leaf desiccation was used as an early postharvest response of excised leaf to posthar-
vest conditions. Leaves were excised and re-cut under water. Plant leaves were first
saturated for one hour at 21 ◦C and 35 µmol m−2 s−1 irradiance, provided by a white LED
from Parcham Company, Pakdasht, Tehran, Iran, by placing them in a parafilm-closed
container with degassed deionized water. Following saturation, the leaves were posi-
tioned upside down on balances in a controlled setting with 40 ± 3% relative humidity,
21 ◦C, 1.40 kPa VPD, and 35 µmol m−2 s−1 irradiance. The weight loss of the leaves was
monitored gravimetrically for two hours using an HR200 scale with 0.0001 g accuracy.
ImageJ v8 (National Institutes of Health, Bethesda, MD, USA) software determined the
leaf area in scanned leaves. The transpiration rate was measured by a method described
previously [30]. The transpiration rate was calculated using the following formula:

TR =
∆DW

∆t
× 1

M(H2O)
× 1000 × LA

where ∆DW is the difference in dry weight during desiccation, ∆t is the time difference
during measurement, M(H2O) is the molecular weight of water (18 g mol−1), and LA is
the leaf area.
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2.6. Biomass Partitioning

Plants were harvested, and the roots, stems, and leaves were separated. The plant
components were dried in an oven at 75 ◦C for 72 h. The dry weights of leaves, roots, and
stems were measured using an HR200 scale with 0.0001 g accuracy.

2.7. Photosynthetic Efficiency

Chlorophyll fluorescence was measured using a FluorPen PAR-FLORPEN FP 100-MAX
device (Photon System Instrument, Brno, Czech Republic) using the OJIP protocol. The
measurements were taken from young, fully developed leaves during week 4 of the vege-
tative growth stage, after the plants had been dark-adapted for at least 30 min. The dark
adaptation was carried out in the middle of the light period. The Performance Index on
Absorption Basis (PIABS), the Dissipation per Reaction Center (DIO/RC), the minimum
and maximum fluorescence yield of the dark-adapted state (Fo and Fm), and the maximum
quantum yield of Photosystem II (Fv/Fm) were calculated based on the setting of the device.

2.8. Statistical Analysis

This study used a completely randomized design, with four treatments and three
replications (each replication included five plant samples). The data collected were ana-
lyzed using the SAS (Statistical Analysis System, version 9.4). Mean comparisons were
performed and analyzed using Duncan’s multiple-range test. The correlation between
traits was determined by calculating the Pearson correlation coefficients (r) using the
R package (Version 4.3.3).

3. Results
3.1. Photosynthetic Pigments

Statistical analysis showed significant differences among the studied treatments for
the photosynthetic pigments of Italian basil (Ocimum basilicum L.) exposed to different light
conditions (Table 1).

Table 1. Statistical analysis results of the photosynthetic pigments of the Italian basil (Ocimum
basilicum L.) exposed to different light treatments.

Sources of Variation Degrees of Freedom Mean Square

Chlorophyll a Chlorophyll b Carotenoid Total Photosynthetic
Pigments

Light Treatment 3 22,580.1 ** 3287.17 ** 404.76 ** 50,380.21 **
Experimental Error 8 254.15 39.46 2.93 387.14

** means significant difference at 1% level.

The analysis of photosynthetic pigments revealed that the NI-R treatment signifi-
cantly outperformed all other treatments across all four parameters measured (Figure 2).
Specifically, chlorophyll content under NI-R reached 530 µg g FW−1, representing a 16.83%
increase compared to the control. Similarly, chlorophyll b content was significantly en-
hanced, with 157.78 µg g FW−1 recorded, 20.6% higher than in the control. Carotenoid
content also increased, reaching 101.23 µg g FW−1, reflecting a 10.9% rise over the control.
The total photosynthetic pigment content under NI-R reached 788.4 µg g FW−1, a 16.7%
increase relative to the control chlorophyll content.
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Figure 2. (a) Concentration of chlorophyll a; (b) chlorophyll b; (c) carotenoids; and (d) total photosyn-
thetic pigments (chlorophyll a, b, and carotenoids) of Italian basil plants exposed to night interruption
(NI) using different light spectra, including red light (R), far-red light (FR), a combination of both
(R:Fr), and a control without NI (C). During the dark period, the NI treatments were used for 2 h.
The intensity of the R and FR light was 100 and 30 µmol m−2 s−1, respectively. The intensities for
the RFR treatment were kept at 100 µmol m−2 s−1 by adjusting the height of the light modules from
the plant canopy. Columns are the mean value of three replications (each replication included five
plants). Means with the same letters within the groups are not significantly different (p < 0.05).

3.2. Secondary Metabolites

Statistical analysis showed significant differences among studied treatments for the
secondary metabolites of Italian basil exposed to different light conditions (Table 2). The
highest anthocyanin content was recorded for NI-R, with 31.02 µg g FW−1 (Figure 3a),
reflecting a 15.53% increase compared to the control, which recorded 26.85 µg g FW−1.
Anthocyanin levels in NI-R were higher than in the other light conditions. For NI-R-FR,
anthocyanin content was measured at 29.19 µg g FW−1, while NI-FR and C were relatively
low, with 27.20 µg g FW−1 and 26.85 µg g FW−1, respectively. NI-R-FR showed the highest
total phenol content, at 0.927 µg g FW−1, which is 109.73% higher than C, with a phenol
content of 0.442 µg g FW−1 (Figure 3b). The flavonoid content in NI-FR was 1.45 µg g FW−1,
which is 43.56% higher than in C (1.01 µg g FW−1). Flavonoid levels in NI-R and NI-R-FR
were 1.36 µg g FW−1 and 1.33 µg g FW−1, respectively (Figure 3c).
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Table 2. Statistical analysis results of the secondary metabolites of the Italian basil (Ocimum basilicum L.)
exposed to different light treatments.

Sources of Variation Degrees of Freedom Mean Square

Anthocyanin Total Phenol Flavenoids

Light Treatment 3 11.21 ** 0.14 ** 0.11 **
Experimental Error 8 0.34 0.004 0.001

** means significant difference at 1% level.
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Figure 3. (a) Contents of anthocyanins; (b) total phenols; and (c) flavonoid of Italian basil plants
exposed to night interruption (NI) using different light spectra. See Figures 1 and 2 legends for details
about light intensities and treatments.

3.3. Leaf Desiccation Response

To study the water loss property of the plants following excision from the plants, the
transpiration rate of the excised leaf samples was tracked at the beginning and end of two
hours of desiccation. The control samples had the highest transpiration rate, reaching a peak
of around 3 mmol m2 s−1 at the beginning of the desiccation. On the other hand, the FR
treatment (yellow line) had the lowest transpiration rate, approximately 1.5 mmol m2 s−1.
Throughout the observation period, all treatments consistently decreased transpiration rates
with different degrees of slope. The C treatment demonstrated the most significant decline
with a slope of −0.0222, indicating the fastest rate of decrease. However, it consistently
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maintained the highest level, and ended with 0.4 mmol m2 s−1 of transpiration rate. In
contrast, the FR light treatment had the most gradual decrease, with a slope of −0.0091,
indicating a reduction of approximately 59.01% that was less steep than the C treatment.
The R light treatment reached a transpiration rate of 0 by the end of the desiccation
period (Figure 4).

Plants 2024, 13, x FOR PEER REVIEW  9  of  19 
 

 

 

Figure 4. Transpiration rate during two hours of leaf desiccation of Italian basil plants exposed to 

night interruption (NI) using different light spectra. See Figures 1 and 2 legends for details about 
light intensities and treatments. The leaves from different treatments were positioned upside down 

on balances in a controlled setting with 40 ± 3% relative humidity, 21 °C, 1.40 kPa VPD, and 35 µmol 

m−2 s−1 irradiance. 

3.4. Biomass Production and Partitioning 

Statistical analysis showed significant differences among studied treatments for the 

dry weight of different organs of Italian basil (Ocimum basilicum L.) exposed to various 

light treatments (Table 3). The root, stem, and leaf dry weights demonstrated significant 

differences under  the NI  treatments  compared  to  the  control  (Figure  5). The  leaf dry 

weight showed the most difference, with NI-R-FR reaching 11.785 g, marking a 167.3% 

increase over the control, which recorded 4.41 g. Stem dry weight followed a similar trend, 

with NI-R-FR  leading at 1.83 g, a 134.6%  improvement compared to the control, which 

was closely matched by NI-R at 1.81 g. For root dry weight, NI-R-FR and NI-FR showed 

no significant differences, but they differed significantly from the control. NI-R-FR had 

the highest value at 1.5 g, representing a 92.3% increase compared to the control. The ap-

plication of NI increased plant height (Figure 5d). The shortest plants were observed un-

der control conditions, while the tallest plants were detected under NI application, includ-

ing FR light (NI-R-FR and NI-FR). 

Table 3. Statistical analysis results of leaf dry weight, stem dry weight, root dry weight of the Italian 

basil (Ocimum basilicum L.) exposed to different light treatments. 

Sources of 

Variation 

Degrees of 

Freedom 
Mean Square 

    Leaf Dry Weight  Stem Dry Weight  Root Dry Weight  Plant Height 

Light Treatment  3  15.73 **  0.311 **  730.08 **  266 * 

Experimental Error  8  0.56  0.01  2.86  4.99 

* and ** mean significant difference at 5% and 1% levels, respectively. 

   

Figure 4. Transpiration rate during two hours of leaf desiccation of Italian basil plants exposed
to night interruption (NI) using different light spectra. See Figures 1 and 2 legends for details
about light intensities and treatments. The leaves from different treatments were positioned upside
down on balances in a controlled setting with 40 ± 3% relative humidity, 21 ◦C, 1.40 kPa VPD, and
35 µmol m−2 s−1 irradiance.

3.4. Biomass Production and Partitioning

Statistical analysis showed significant differences among studied treatments for the
dry weight of different organs of Italian basil (Ocimum basilicum L.) exposed to various
light treatments (Table 3). The root, stem, and leaf dry weights demonstrated significant
differences under the NI treatments compared to the control (Figure 5). The leaf dry weight
showed the most difference, with NI-R-FR reaching 11.785 g, marking a 167.3% increase
over the control, which recorded 4.41 g. Stem dry weight followed a similar trend, with NI-
R-FR leading at 1.83 g, a 134.6% improvement compared to the control, which was closely
matched by NI-R at 1.81 g. For root dry weight, NI-R-FR and NI-FR showed no significant
differences, but they differed significantly from the control. NI-R-FR had the highest
value at 1.5 g, representing a 92.3% increase compared to the control. The application of
NI increased plant height (Figure 5d). The shortest plants were observed under control
conditions, while the tallest plants were detected under NI application, including FR light
(NI-R-FR and NI-FR).

Table 3. Statistical analysis results of leaf dry weight, stem dry weight, root dry weight of the Italian
basil (Ocimum basilicum L.) exposed to different light treatments.

Sources of Variation Degrees of Freedom Mean Square

Leaf Dry Weight Stem Dry Weight Root Dry Weight Plant Height

Light Treatment 3 15.73 ** 0.311 ** 730.08 ** 266 *
Experimental Error 8 0.56 0.01 2.86 4.99

* and ** mean significant difference at 5% and 1% levels, respectively.
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Figure 5. (a) Leaf dry weight; (b) stem dry weight; (c) root dry weight; and (d) plant height of
Italian basil plants exposed to night interruption (NI) using different light spectra including. See
Figures 1 and 2 legends for details about light intensities and treatments. Columns are the mean
value of three replications (each replication included five plants). Means with the same letters within
the groups are not significantly different (p < 0.05).

In general, biomass production in plants exposed to NI-R-FR and NI-R showed more
than two times the overall biomass of basil plants compared to the control (Figure 6a). In all
treatments, the leaves had the highest biomass allocation. The NI-R-FR treatment had the
highest leaf biomass proportion (78.49%), followed by NI-R (77.92%) and NI-FR (74.51%).
The biomass contribution to the stem differed significantly among treatments. The NI-R
treatment contributed the most stem biomass (13.53%), followed by NI-FR (12.56%) and
NI-R-FR (11.52%). Additionally, NI-R contributed the smallest percentage of root biomass
among all treatments. In contrast, the control had the highest root biomass proportion
(13.13%), while NI-R-FR contributed the least (11.52%) (Figure 6b).
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Figure 6. (a) Biomass production and (b) partitioning of different organs of Italian basil plants
exposed to night interruption (NI) using different light spectra. See Figures 1 and 2 legends for details
about light intensities and treatments. Columns are the aggregate value of biomass (a) or percentage
of biomass allocation to each organ (b) of plants exposed to different spectra of NI.

3.5. Photosynthetic Efficiency

Statistical analysis showed significant differences among studied treatments for some
parameters obtained from the OJIP test of Italian basil (Ocimum basilicum L.) exposed to
different light treatments (Table 4).

Table 4. Statistical analysis results for some of the parameters obtained from the OJIP test of the
Italian basil (Ocimum basilicum L.) exposed to different light treatments.

Sources of
Variation

Degrees of
Freedom Mean Square

Fv/Fm DIO/RC PIABS Fo

Light Treatment 3 91 × 10−6 ns 0.0026 * 0.089 * 3,455,077.98 *
Experimental Error 8 21 × 10−6 0.00045 0.019 6,929,404.07

ns and * mean no significant difference and 1% significance level, respectively.

The OJIP test showed varying responses to the NI treatments. No significant difference
was detected for Fv/Fm in plants exposed to different NI light (Figure 7a). PIABS was highest
in NI-R and NI-R-FR, measuring 1.7 and 1.75, respectively, with no significant difference.
NI-FR, with a PIABS of 1.6, was not significantly different from NI-R or NI-R-FR, but it
was significantly higher than the control with 1.45. For DIO/RC, the control and NI-FR
had similar values with no significant differences. NI-R-FR (0.8) and NI-R (0.78) had
significantly lower DIO/RC than the control, but NI-R-FR was not significantly different
from the control or NI-FR. Fo was highest in the control at approximately 15,000, while all
NI treatments had lower values, around 13,000, indicating a significant decrease compared
to the control. Fv/Fm did not vary among treatments.
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Figure 7. (a) Maximum quantum yield of photosystem II (Fv/Fm); (b) energy dissipation per reaction
center (DIO/RC); (c) minimum fluorescence (Fo); and (d) performance index per absorbed light
(PIABS) of Italian basil plants exposed to night interruption (NI) using different light spectra. See
Figures 1 and 2 legends for details about light intensities and treatments. Columns are the mean
value of three replications (each replication included five plants). Means with the same letters within
the groups are not significantly different (p < 0.05).

The results of the correlation analysis revealed significant relationships among various
biochemical and physiological traits in Italian basil exposed to different light treatments
(Table 5). There are high positive correlations between chlorophyll a (1) and chlorophyll
b (2) (r = 0.99 **), as well as between chlorophyll b (2) and carotenoids (3) (r = 1.00 **). Antho-
cyanin content (4) shows strong negative correlations with DIo/RC (14) (r = 0.99 **). Total
phenolic content (5) exhibits negative correlations with antioxidant activity (7) (r = −0.76**)
and high positive correlations with leaf dry weight (8) (r = 0.96 *). Flavonoids (6) demon-
strate significant positive correlations with leaf area (r = 0.98 *). Strong positive correlations
exist among the following dry weight components: leaf dry weight (8), stem dry weight (9),
root dry weight (10), and total plant dry weight (11). Notably, leaf dry and plant dry weights
have a high correlation (r = 0.99 **). DIo/RC (14) shows a strong negative correlation with
anthocyanin (4) (r = −0.99 **), while PIABS (15) is positively correlated with total phenolic
content (5), and plant dry weight (11) (r = 0.98 *–0.99 **). F0 demonstrates strong positive
correlations with antioxidant activity (7) (r = 0.99 **) and significant negative correlations
with stem dry weight (9), plant dry weight (11), and leaf area (12) (r = −0.94 * to −0.97 **).
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4. Discussion

In the present study, photosynthetic pigment levels were increased by NI-R, while
using FR for NI hurt the pigment levels (Figure 2). Chlorophyll a and b are vital pigments
that play a critical role in photosynthesis and are effective in light energy absorption. The
observed increase in chlorophyll a and b content under NI-R treatment can be attributed to
the high efficiency of photosynthesis influenced by R light [31,32]. The R light is recognized
as a highly effective light spectrum for enhancing the photosynthetic process because it
is absorbed by chlorophyll molecules, leading to increased light energy absorption in an
efficient manner [33,34]. It has been reported that R light stimulates the biosynthesis of
protochlorophyllide, a precursor in chlorophyll synthesis, thereby increasing chlorophyll
content. In contrast, the lower chlorophyll content under NI-FR and NI-R-FR may be due
to the inhibitory effect of FR light, which disrupts the biosynthetic pathway of chloro-
phyll precursors [35]. FR light is less effective in photosynthesis and more effective in
morphological modification, which leads to a phenomenon known as the shade avoidance
response. Under these conditions, plants prioritize stem growth to escape the shade of
other plants, often limiting chlorophyll production [36,37]. It has been shown that R and
FR light applications as NIs differentially affect the chlorophyll content of different plant
species [38]. Short-day and long-day plants reduce their chlorophyll content when exposed
to FR light for four hours during the night (dark) period. Conversely, R light in the context
of NI increases the chlorophyll contents compared to FR light-exposed plants [38], which
aligns with the findings reported in the present study (Figure 2).

Carotenoids are essential for photoprotection and light harvesting in photosynthesis.
The highest carotenoid content was also detected under the NI-R treatment. This response
is likely attributed to the role of R light in enhancing carotenoid biosynthesis pathways.
Carotenoids act as accessory pigments, absorbing light energy and protecting chlorophyll
from oxidative damage [39,40]. The lower carotenoid content under NI-FR may be due
to reduced energy absorption and a decreased need for light protection, as FR has less
energy than lower wavelengths. FR light significantly impacts the electron density in the
photosynthetic reaction centers, particularly affecting Photosystem II (PSII) and Photosys-
tem I (PSI), as it does not provide sufficient energy to effectively drive the water-splitting
reaction, leading to fewer electrons entering the electron transport chain and a decrease in
photosynthetic efficiency. Although PSI can absorb FR light more effectively, it still suffers
from an electron deficiency due to the insufficient electron flow from PSII, resulting in
the accumulation of oxidized electron carriers and further reducing the electron density
in PSI reaction centers. This imbalance can increase the production of reactive oxygen
species (ROS), which can damage cellular components and, if FR light predominates for an
extended period, may reduce growth and productivity [41]. On the other hand, it has been
shown that FR light reduces the electron density in reaction centers, thereby decreasing
photoinhibition and potentially reducing the need for protective systems [42]. However,
this should indicate that the intensity of FR light in the present study was much lower
than the R light in the NI treatments. Having a higher light intensity for FR light is not
considered rational since it would result in the extreme elongation of the plants, which
results in lodging (unpublished data). The high positive correlations between chlorophylls
and carotenoids (Table 5) indicate that effective light treatment enhances pigment synthesis,
which is crucial for photosynthesis and photoprotection.

A balanced light environment can produce secondary metabolites, including antioxi-
dants, at a standardized level, which increases with increased stress [43,44]. The present
study’s findings indicate that plants under NI treatments did not perform better under
extended light exposure as the result of two more hours of light. Since Italian basil is a fac-
ultative long-day plant, extending the light through NI increased photosynthetic efficiency
and reduced short-light duration, thereby increasing antioxidant properties [45].

Anthocyanins are considered screens during light exposure. They play a role in light
protection and the coloration of plant tissues. The highest anthocyanin content under the
NI-R treatment may be explained by the activation of the anthocyanin biosynthesis pathway
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under R light. It has been reported that exposure to R light promotes the expression of
genes involved in anthocyanin synthesis, such as chalcone synthase and dihydroflavonol-
4-reductase [46,47]. Furthermore, R light also increases the synthesis of phenylalanine
ammonia-lyase (PAL), a key enzyme in the phenylpropanoid pathway, leading to increased
synthesis of phenolic compounds [45]. Phenolic compounds play a role in the plant’s
defense system and its response to stress, and their production can be influenced by light-
quality [48,49]. The results showing the highest flavonoid content under the NI-FR may
be due to the plant’s response to FR light, which can stimulate flavonoid synthesis as
part of the shade avoidance response [40,50]. The lower flavonoid content under the
control treatment may be due to a balanced light environment without the additional
influence of R or FR light. In a balanced situation, stimulating flavonoid biosynthesis is
unnecessary for plant metabolite modification. A negative correlation exists between total
phenolic content and antioxidant activity, while a positive correlation exists between total
phenolic content and leaf dry weight (Table 5), indicating that phenolics may enhance
structural growth without necessarily boosting antioxidant levels. The significant positive
correlation between flavonoids and leaf area suggests that larger leaves can enhance
flavonoid synthesis, contributing to plant health.

The biomass partitioning observed under various NI treatments highlights the crit-
ical role of R and FR light in regulating plant growth, mainly through their influence on
the Phytochrome Steady State (PSS). The NI-R-FR treatment resulted in the highest total
biomass and the most uniform distribution across plant organs [51]. This outcome can
be attributed to the PSS, which reflects the balance between active (Pfr) and inactive (Pr)
phytochrome forms. NI affects this balance by regulating the dynamic interconversion
between Pr and Pfr. RL drives the conversion of Pr to Pfr, resulting in a higher Pfr/PTotal
ratio, while FRL induces the reverse process, shifting the PSS towards a lower PFr/PTotal
ratio [52]. The modulation of the phytochrome system during NI is crucial for certain
physiological responses, such as shade avoidance. The increased leaf biomass observed in
the NI-FR matches shade avoidance responses, as FRL induces elongation growth in low
Pfr conditions [12]. The FR light exposure shifts the PSS towards a lower Pfr/PTotal ratio,
inducing shade avoidance responses that promote stem elongation and leaf surface expan-
sion, resulting from the higher leaf biomass in this treatment [53]. R light, which increases
the PFr/PTotal ratio, enhances photosynthetic efficiency by stimulating cryptochromes and
promoting CO2 uptake, leading to increased stem and leaf growth and root development
by producing growth hormones like auxins [6,54]. The interaction between R light and
FR light also influenced electron transport within photosynthetic reaction centers, with
R light enhancing and FR light reducing efficiency, contributing to the observed growth
patterns [55]. These findings underscore the importance of PSS and light spectra in shaping
biomass partitioning, with the NI-R-FR treatment effectively optimizing plant growth and
resource allocation [56,57]. However, it is worth noting that increased biomass production
resulting from NI application can result from adding more light to the lighting environment.
It has been reported that an extended photoperiod is more important than light intensity for
biomass gain and phytochemical levels for basil production in controlled environments [58].
However, in the study by Eghbal et al. [58], an hourly increase in the duration of light
from 12 to 18 h resulted in less than a 10% increase in biomass. Therefore, in our study, the
increase in biomass mainly results from the NI application, and is not due to the extended
duration. Future experiments are still needed to elucidate the role of NI in biomass and
phytochemical production in basil plants. The same lights should be added to the growing
light treatment for the daylight period with the NI light applications. Furthermore, they
reported no negative impacts of FR light on the growth of basil plants. In their study, the FR
light considerably decreased the leaf area, and the promotive effects of FR light on growth
were mainly due to stem elongation. Therefore, in our study, the improved growth due to
FR light is a result of its application as the NI.

It has been shown that R and FR light applications as the NI differentially affect the
growth and flowering of different plant species [38]. Plants reduce their leaf area when
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exposed to FR for four hours during the night (dark) period. Conversely, R light used in NI
increases the leaf area in different plant species [38], which aligns with the findings reported
in the present study. Strong correlations among dry weight components of the present
study (Table 5) reflect the interconnected nature of biomass accumulation, particularly the
critical role of leaf dry weight in total plant growth.

The analysis of photosynthetic efficiency showed that the NI treatments significantly
influenced various aspects of photosynthesis in basil plants. The reduction in Fo across NI
treatments suggests enhanced photoprotective mechanisms or increased primary energy
absorption efficiency through having more open reaction centers [57,59,60]. The consistent
Fv/Fm values between treatments indicate stable maximum quantum efficiency of PSII,
suggesting that the overall photochemical conversion potential remains unaffected by
R and FR light [61]. The lower DIO/RC observed in the NI-R and NI-R-FR treatments,
compared to the control and NI-FR, indicates reduced energy loss per reaction center under
R light conditions, highlighting more efficient energy management within the photosys-
tems [62]. The strong negative correlation between anthocyanin content and DIO/RC
(Table 5) suggests that increased anthocyanins, through providing a screen for extra light
entrance, reduce energy dissipation from the photosynthetic apparatus. The higher PIABS in
these treatments shows the enhanced performance of PSII under R light [63]. The positive
correlation of PIABS with total phenolic content and plant dry weight (Table 5) indicates that
effective light capture is associated with increased biomass. F0’s positive correlation with
antioxidant activity and negative correlations with biomass suggest that higher antioxidant
levels may be linked to stress responses that inhibit growth.

Exposure to NI-R light decreased the transpiration rate following two hours of des-
iccation. In comparison, the control showed the highest transpiration rate during two
hours of leaf desiccation (Figure 4). Stomata are the primary path for leaf water loss. It has
been reported that stomatal size decreases, leading to increased stomatal closing ability
due to R light exposure [55]. It has been confirmed that a higher surface area to volume
ratio in smaller stomata facilitates stomatal reactions [55]. Generating small stomata and
elevated responsiveness to desiccation helps leaves keep internal water and decreases their
vulnerability to water deficit and desiccation [55].

5. Conclusions

This study demonstrated that NI treatments significantly affected Italian basil’s phyto-
chemical content and post-harvest water loss (Ocimum basilicum L.). The NI-R treatment
significantly increased carotenoids, chlorophyll a, and chlorophyll b, ultimately increasing
photosynthetic efficiency. This treatment also increased the anthocyanin content, showing
the role of NI-R light in substantial biochemical processes. The NI-FR treatment was less
effective in promoting chlorophyll content, but did stimulate flavonoid production. Re-
garding post-harvest quality, the desiccation response varied significantly among the NI
treatments. The control had the highest transpiration rate, indicative of a higher rate of
water loss. In contrast, the NI-FR treatment showed the least transpiration, indicating ex-
cellent moisture retention ability and a longer post-harvest life. Results showed that using
correct NI treatment strategies with R and FR lights enhanced Italian basil’s photosynthetic
efficiency and phytochemical production in CEA. From the results, it can be concluded that
red and far-red light can improve plant growth and phytochemical yield. However, more
research should determine the ideal NI duration, light intensity, and cost-effectiveness
under commercial production conditions. Generalizing this research to other crops can
improve CEA practices’ sustainability and commercial applicability.
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Abstract: In Korea, greenhouses are traditionally used for crop cultivation in the winter. However,
due to diverse consumer demands, climate change, and advancements in agricultural technology,
more farms are aiming for year-round production. Nonetheless, summer cropping poses challenges
such as high temperatures, humidity from the monsoon season, and low light conditions, which
make it difficult to grow crops. Therefore, this study aimed to determine the best planting time for
summer tomato cultivation in a Korean semi-closed greenhouse that can be both air-conditioned and
heated. The experiment was conducted in the Advanced Digital Greenhouse, built by the National
Institute of Agricultural Sciences. The tomato seedlings were planted in April, May, and June 2022.
Growth parameters such as stem diameter, flowering position, stem growth rate, and leaf shape
index were measured, and harvesting was carried out once or twice weekly per treatment from 65
days to 265 days after planting. The light use efficiency and yield per unit area at each planting time
was measured. Tomatoes planted in April showed a maximum of 42.9% higher light use efficiency
for fruit production and a maximum of 33.3% higher yield. Furthermore, the growth form of the
crops was closest to the reproductive growth type. Therefore, among April, May, and June, April is
considered the most suitable planting time for summer cultivation, which is expected to contribute to
reducing labor costs due to decreased workload and increasing farm income through increased yields.
Future research should explore optimizing greenhouse microclimates and developing crop varieties
tailored for summer cultivation to further enhance productivity and sustainability in year-round
agricultural practices.

Keywords: cooling; light use efficiency; semi-closed greenhouse; summer cropping; tomato

1. Introduction

In Korea, where distinct seasons—spring, summer, autumn, and winter—prevail,
greenhouses serve a crucial role in agriculture, particularly for winter cultivation. They
provide a warm environment essential for growing crops during cold weather. However,
with changing consumer demands and challenges posed by climate change, there is a
growing trend towards urban agriculture and year-round production [1]. Climate change
has extended summers and introduced abnormal weather patterns, increasing demand for
crops during high-temperature periods [2]. Consequently, the area dedicated to facilities for
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year-round cultivation is expanding annually. Crops experience reduced net photosynthesis
due to excessive respiration from high temperatures and intense light, leading to poor
growth caused by transpiration and stress [3]. This results in a decline in product quality
and yield, necessitating active measures such as shading or cooling to mitigate these
effects [4,5]. Furthermore, the current state of agriculture in Korea is characterized by a
declining rural population and aging [6], leading to increased labor and management
costs and worsening conditions for agricultural production. To address these issues and
achieve sustainable agriculture, smart farming has emerged and is being promoted [7]. For
smart agriculture, smart farm technologies are being developed for open fields, facility
horticulture, and livestock farming [8]. In facility horticulture, various sensors, actuators,
and environmental control systems are installed in greenhouses and connected to the
internet [9]. This allows for the observation of internal conditions and the adjustment of
settings to control the internal environment from anywhere, at any time. Additionally,
external weather stations, internal temperature and humidity sensors, nutrient solution
monitors, leaf temperature sensors, and thermal imaging cameras collect environmental
data from both inside and outside, providing objective data that increases the convenience
of farm operations [10]. The accumulated data analysis enables annual improvements to
the internal environment, potentially leading to increased yields.

Greenhouses are categorized into open, semi-closed, and closed types [11–13]. Open
greenhouses often have side vents and are commonly single-span structures, while closed
greenhouses are vertical indoor farms. A semi-closed greenhouse has a higher internal
pressure compared to the outside and minimizes the intake of external air by using active
heating and cooling systems [14]. By creating a positive pressure inside the greenhouse,
the environment can be maintained uniformly and stably, reducing the need for pesticides
by preventing pest infiltration [12]. Minimal ventilation with external air saves energy
and maintains a high concentration of CO2, which can increase crop productivity [14–17].
However, currently, more than 95% of Korean greenhouses are plastic-covered, and most
of the semi-closed greenhouses in Korea are glass greenhouses. Typically, tomatoes are
transplanted in August and grown until June of the following year, allowing for the
harvest of more than 30 flower clusters. There have been studies on seedling methods
for high-temperature periods [18], optimal pruning management for high-temperature
periods [19], and comparisons of paprika growth and yield in semi-closed greenhouses
and regular plastic greenhouses during high-temperature periods [20]. However, research
on the appropriate transplanting time for summer cropping is still insufficient. In Korea,
summer cropping is challenging due to high temperatures, high humidity from monsoons,
and low light conditions, leading to poor fruit set and the occurrence of misshapen fruits,
which reduces productivity and makes it less favorable for farmers. Nevertheless, domestic
tomato production decreases during this period. Therefore, in greenhouses equipped with
cooling facilities, an increase in average prices can be expected, potentially boosting farmers’
incomes. This study aims to determine the most suitable transplanting time for summer
cropping of tomatoes in April, May, or June in Korean-style semi-closed plastic greenhouses
with heating and cooling capabilities. The current work investigated the growth dynamics,
yield variations, and chlorophyll fluorescence responses of summer tomatoes planted at
different times, aiming to provide insights into optimal strategies of tomato cultivation
in summer seasons in Korea. Using an advanced greenhouse facility provides an ideal
setting for investigating the growth and development of tomato plants under controlled
environmental conditions as well as helping to provide reliable and reproducible data in
crop experiments [21].
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2. Results
2.1. Growth Analysis Based on the Transplanting Time

Significant differences (p ≤ 0.05) were observed in stem diameter and flowering
position across different planting times. Generally, tomatoes planted in June had the largest
growth, while those planted in April had the smallest (Tables 1 and 2).

Table 1. Plant length and leaf shape index of tomato plants according to the planting season.

Planting Season

Days after Planting (DAP)

Early Growth Late Growth

75 82 89 244 251 258

Stem
Growth z

(cm/week)

April 17.1 c 21.6 b 24.7 a 10.6 c 9.4 c 12.5 c

May 23.9 a 28.3 a 25.8 a 15.5 b 15.3 b 15.0 b

June 21.8 b 21.5 b 25.8 a 18.6 a 20.1 a 21.5 a

LSD (5%) y *** ** ns *** *** ***

Leaf shape
index z

(%)

April 1.16 a 1.14 a 1.22 a 1.22 a 1.23 a 1.29 a

May 1.19 a 1.09 ab 1.08 b 1.07 b 1.01 c 0.96 c

June 0.98 b 1.01 b 0.96 c 1.05 b 1.15 b 1.08 b

LSD (5%) y ** * *** ** *** ***
z The stem growth was measured by determining the distance from the guide string marked at the position of the
growing point (epical meristem) 7 days prior to the current growing point. Leaf shape index = leaf length/leaf
width. y Mean separation within columns by Duncan’s multiple range test at p = 0.05. *, **, and ***: Significant
at p ≤ 0.05, 0.01, and 0.001, respectively. The letters a, b, and c indicate the presence or absence of significant
variability. The same letters shared between groups signify no significant differences, while different letters
indicate significant variability (p < 0.05) among the groups.

Table 2. Stem diameter and flowering position of tomato plants according to the planting season.

Planting Season

Days after Planting (DAP)

Early Growth Late Growth

75 82 89 244 251 258

Stem
diameter
(mm) z

April 9.0 c 8.9 b 9.1 b 10.2 b 8.7 b 9.3 b

May 11.6 b 9.5 b 11.9 a 12.6 a 11.5 a 8.1 b

June 13.4 a 12.8 a 12.0 a 13.1 a 11.0 a 12.0 a

LSD (5%) y *** ** ** ** ** **

Flowering
position z

(cm)

April 14.4 c 16.8 c 15.6 b 21.3 b 15.1 c 16.1 b

May 24.6 b 22.1 b 27.6 a 26.5 a 30.6 a 34.1 a

June 30.5 a 30.3 a 28.0 a 19.9 b 19.9 b 18.8 b

LSD (5%) y *** *** ** ** *** **
z The flowering position was expressed as the distance between the flowering truss and the head of the plant. The
stem diameter was measured just below the topmost flowering cluster. y Mean separation within columns by
Duncan’s multiple range test at p = 0.05. **, and ***: significant at p ≤ 0.01, and 0.001, respectively. The letters a, b,
and c indicate the presence or absence of significant variability. The same letters shared between groups signify
no significant differences, while different letters indicate significant variability (p < 0.05) among the groups.

2.1.1. Stem Growth

The early growth investigation was conducted from 75 to 89 days after transplanting.
The stem growth for tomatoes planted in April ranged from 17.1 cm to 24.7 cm, showing
no significant differences from other planting times. The late growth investigation was
conducted from 244 to 258 days after transplanting. The stem growth for tomatoes planted
in April ranged from 9.4 cm to 12.5 cm, significantly shorter compared to those planted in
June, which ranged from 18.6 cm to 21.5 cm (Table 1).
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2.1.2. Leaf Shape Index

A higher leaf shape index indicates longer and narrower leaves, while a lower index
indicates shorter and wider leaves. The leaf shape index for tomatoes planted in April was
significantly the highest, ranging from 1.14% to 1.29%. Tomatoes planted in May had a
leaf shape index ranging from 0.96% to 1.19%, and those planted in June had a leaf shape
index ranging from 0.96% to 1.15%. In conclusion, tomatoes planted in June showed the
most vigorous growth, while those planted in April exhibited reproductive growth with
less overall growth (Table 1).

2.1.3. Stem Diameter and Flowering Position

Tomatoes planted in April had a stem diameter ranging from 8.9 mm to 10.2 mm and a
flowering position ranging from 14.4 cm to 21.3 cm (Table 2). Tomatoes planted in May had
a stem diameter ranging from 9.5 mm to 11.9 mm and a flowering position ranging from
22.1 cm to 27.6 cm, indicating a weak vegetative growth type. Tomatoes planted in June
had a stem diameter ranging from 12.0 mm to 13.4 mm and a flowering position ranging
from 28.0 cm to 30.5 cm, indicating strong vegetative growth.

2.2. Yield Variation by Planting Time

The yield per unit area (m2) of tomatoes was measured based on the planting time.
Tomatoes planted in April yielded 12.57 kg/m2; those planted in May yielded 10.8 kg/m2;
and those planted in June yielded 9.43 kg/m2. April-planted tomatoes had the highest
yield, while those planted in June had the lowest. The weekly cumulative yield difference
observed from 75 to 89 days after planting persisted until the end of the harvest period
(Figure 1a). The cumulative solar radiation from the planting date to the last harvest
date and the light use efficiency for fruit production (LUEF: g·MJ−1) were compared.
The cumulative solar radiation for April was 3157.3 MJ/m2, with a LUEF of 3.53 g·MJ−1.
For May, the cumulative solar radiation was 2911.7 MJ/m2, with a LUEF of 3.08 g·MJ−1.
For June, the cumulative solar radiation was 2673.6 MJ/m2, with a LUEF of 2.47 g·MJ−1.
Additionally, the LUEF for April was 3.53 g·MJ−1, which was 14.6% higher than May and
42.9% higher than June (Figure 1b).
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Figure 1. Comparison of harvest yield by planting period. (a) Cumulative harvest yield; (b) light use
efficiency for fruit production (LUEF).

2.3. Chlorophyll Fluorescence Response

Given that chlorophyll fluorescence is influenced by current weather conditions, the
PIABS, ET0/RC, and DI0/RC results measured on the same day were compared (Table 3
and Figure 2).

PIABS: This index integrates the absorption capacity, electron transport efficiency, and
electron trapping efficiency of PSII, reflecting overall photosynthetic activity [22]. The PIABS
values for April were 3.677 during early growth and 3.468 during late growth (Table 3). For
May, the values were 3.702 and 3.182, respectively, and for June, the values were 2.685 and
1.764, respectively. There was no significant difference between April and May, but June
had significantly lower values, indicating reduced photosynthetic activity.

ET0/RC: This index reflects the electron transport efficiency of PSII, with lower values
indicating higher stress [23]. The ET0/RC for April was 1.163 during early growth and 1.104
during late growth (Table 3). For May, the values were 1.163 and 1.124, respectively, and
for June, the values were 0.999 and 0.858, respectively. There was no significant difference
between April and May, but June had significantly lower values, indicating higher stress.

DI0/RC: This index indicates the amount of absorbed light energy that is not used
for photosynthesis but is lost as heat [24]. The early growth DI0/RC values were 0.439
for April, 0.432 for May, and 0.444 for June, showing no significant differences (Table 3).
However, during late growth, the values were 0.464 for April, 0.455 for May, and 0.637 for
June, with June showing significantly higher values.
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Table 3. Results of chlorophyll fluorescence measurement according to planting period.

Planting
Season

Days after Planting

Early Growth Late Growth

96 124 152 209 237 265

PIABS

April 2.978 b 4.198 a 3.677 a 4.661 a 3.030 a 3.468 c

May 5.274 a 3.702 b 2.423 b 3.277 b 3.182 a 4.135 b

June 2.685 b 2.175 c 3.450 a 1.764 c 2.183 b 5.012 a

LSD (5%) y ** *** ** *** ** ***

ET0/RC

April 1.044 b 1.052 b 1.163 a 1.047 a 0.815 b 1.104 a

May 1.140 a 1.163 a 0.803 c 0.790 c 1.124 a 1.069 a

June 0.999 c 0.753 c 0.888 b 0.858 b 0.813 b 1.087 a

LSD (5%) y *** *** *** *** ** Ns

DI0/RC

April 0.427 b 0.371 b 0.439 a 0.354 b 0.350 b 0.464 a

May 0.358 c 0.432 a 0.428 a 0.308 b 0.455 a 0.375 b

June 0.444 a 0.418 a 0.353 b 0.637 a 0.456 a 0.350 b

LSD (5%) y *** ** ** ** ** **

Investigated: 1 August 2022 Investigated: 1 December 2022
y Mean separation within columns by Duncan’s multiple range test at p = 0.05. **, and ***: significant at p ≤ 0.01,
and 0.001, respectively. The letters a, b, and c indicate the presence or absence of significant variability. The
same letters shared between groups signify no significant differences, while different letters indicate significant
variability (p < 0.05) among the groups.
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Figure 2. Chlorophyll fluorescence measurements according to tomato planting times. (a) Measure-
ments during the early growth stage; (b): measurements during the late growth stage. The letters a
and b indicate the presence or absence of significant variability. Bars with the same letters within
each group signify no significant difference, while different letters indicate presence of significant
variability (p < 0.05) among the groups.
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3. Discussion
3.1. Growth Analysis Based on the Transplanting Time

Understanding the optimal planting time for tomato cultivation is crucial for maximizing
growth, photosynthetic efficiency, and, consequently, fruit yield [25]. Environmental param-
eters such as relative humidity and CO2 concentration were carefully controlled to ensure
stable conditions conducive to accurate observation and analysis. The analysis focused on
growth differences observed among tomatoes transplanted at different times. In tomatoes,
stem diameter and flowering position are important physiological traits that reflect the plant’s
developmental stage and reproduction strategy and, subsequently, influence fruit setting
and yield potential [26]. Significant variations in stem diameter and flowering position were
evident across the planting times, indicating distinct growth patterns. Tomatoes planted in
June exhibited the largest growth, characterized by thicker stems and higher positioning of
flowers, indicative of strong vegetative growth. In contrast, April-planted tomatoes showed
smaller stem diameters and lower flower positions, suggesting a reproductive growth type
with less overall vigor. Flowering position is the distance from the epical meristem to the tip
of the inflorescence. A shorter distance means that more flowers bloomed faster, which leads
to more fruit, higher yields, and increased assimilation distribution to the fruit.

3.2. Yield Variation by Planting Time

Yield is an indispensable trait in tomato cultivation and crucial for assessing the
overall productivity and economic viability. However, tomato yield can be influenced by
planting time during specific seasons of cultivation [27]. The current study also assessed
tomato yield across different planting times. April-planted tomatoes yielded the highest at
12.57 kg/m2, followed by May-planted tomatoes at 10.8 kg/m2, and June-planted tomatoes
at 9.43 kg/m2. This yield trend persisted throughout the harvesting period, indicating a
consistent advantage for April-planted tomatoes despite variations in solar radiation and
light use efficiency. The higher yield recorded in April-planted tomatoes can be attributed to
their initiation of fruit setting before the onset of monsoon conditions, whereas June-planted
tomatoes experienced lower initial fruit set due to adverse weather during their vegetative
phase. It has been shown that tomato yield increases linearly with the increase in cumulative
solar radiation [28,29], implying that tomato plants benefit from longer exposure to sunlight
during their critical growth stages [30]. This extended exposure enhances photosynthesis,
which is essential for robust vegetative growth, flower production, and, ultimately, fruit
development [31]. Therefore, April-planted tomatoes, starting their fruit setting earlier
in the summer season, not only avoid the detrimental effects of monsoon weather but
also capitalize on a longer period of favorable solar radiation. This prolonged exposure
to sunlight allows them to accumulate more energy and nutrients, translating into higher
yields compared to tomatoes planted later in the season, such as in June. The summer
climate in Korea, characterized by high temperatures, low light, and humid monsoons,
reduces net photosynthesis and increases stress on crops. Tomatoes planted in April
initiated their fruit setting before the onset of the monsoon, whereas those planted in
June likely experienced low initial fruit set due to the onset of the monsoon during their
vegetative growth phase, leading to reduced yield. Tomatoes planted in April yielded
1.77 kg/m2 more than those planted in May and 3.14 kg/m2 more than those planted in
June. However, tomatoes planted in April had a stem diameter ranging from 8.9 mm to
10.2 mm lower than the diameters recorded for May and June. These results suggest that
while April-planted tomatoes yield higher due to their early fruit setting and extended
exposure to beneficial solar radiation, they may exhibit comparatively thinner stems.
The thinner stem diameter observed in April-planted tomatoes could indicate potential
trade-offs between structural integrity and reproductive output, influencing their overall
resilience and support needs throughout their growth cycle.
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3.3. Chlorophyll Fluorescence Response

A comprehensive understanding of tomato physiological responses can also be es-
tablished based on chlorophyll fluorescence measurements [22,32]. The absorbed light in
plants is utilized in various ways. When light is absorbed, electrons are excited to a higher
energy level within plant cells [33]. This elevated energy level must be reduced quickly
to prevent cellular stress. Plants dissipate their absorbed light energy in three primary
ways: through photosynthesis, emission as fluorescence by photosystem II (PSII), or as
heat [34,35]. Increased stress reduces the efficiency of photosynthesis and fluorescence
emission, resulting in more energy being dissipated as heat, which raises leaf tempera-
ture [35]. In this study, chlorophyll fluorescence measurements provided insights into the
photosynthetic activity and stress responses of tomatoes under different planting times.
The photosynthetic performance, indicated by PIABS values, was highest for April-planted
tomatoes and significantly lower for June-planted tomatoes during both the early and
late growth stages. Similarly, indices reflecting electron transport efficiency (ET0/RC) and
energy dissipation as heat (DI0/RC) confirmed higher stress levels in June-planted toma-
toes, particularly during the late growth stages. These results emphasize the sensitivity
of tomato physiology to planting time, with April having been found as the optimal time
for maximizing photosynthetic efficiency and minimizing stress-induced energy loss. This
further indicates that more energy was dissipated as heat in June-planted tomatoes, reflect-
ing higher stress and less efficient photosynthesis. These results reveal the importance of
planting time on the growth, yield, and physiological stress responses of tomatoes in the
semi-closed greenhouse environment. Thus, planting tomatoes in April results in the most
favorable growth and yield outcomes, while planting in June leads to increased stress and
reduced productivity. The findings in this study contribute valuable data to the field of
agricultural science, providing a basis for informed decision-making by farmers and re-
searchers aiming to enhance crop productivity and sustainability in greenhouse cultivation
systems. By elucidating the impact of planting time on growth, photosynthetic efficiency,
and yield, this study also emphasizes the importance of strategic planting practices tailored
to local environmental conditions, thereby optimizing tomato production.

4. Materials and Methods
4.1. Experimental Site and Greenhouse Design

The experiment was conducted from April to August in 2022 using an advanced
digital greenhouse established in 2021 by the National Institute of Agricultural Sciences
in Iseo-myeon, Wanju-gun, Jeollabuk-do (32◦39′40′′ N, 51◦40′49′′ E) (Figure 3). It is a
semi-closed Venlo-type greenhouse structure, and the covering material used is PO film.
The entire greenhouse has a height of 8.3 m, a side height of 7.0 m, a width of 40 m, and
a length of 120 m, consisting of five sections (24 m × 40 m each). Each greenhouse can
individually control temperature, humidity, solar radiation, CO2, nutrient supply, heating,
cooling, and actuators. For heating and cooling, the greenhouse uses six 840 kW air heat
pumps (ACHH040LET2, LG, Republic of Korea), which store thermal and cooling energy
in a 300-ton thermal storage tank. This energy is then distributed using tube rails and Fan
Coil Units (FCUs). Additionally, the air conditioning room is equipped with internal and
external air conditioning windows and FCUs, which selectively intake external air based
on the internal and external temperatures. The irrigation method utilized solar radiation
proportional control and was supplied at intervals of 80 J/m2 to 120 J/m2. The amount
supplied per time was 100 cc/plant to 150 cc/plant.
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4.2. Plant Material and Treatment Conditions

The tomatoes transplanted were grafted seedlings, using ‘Dafnis’ (Syngenta Korea,
Seoul, Republic of Korea) as the scion and ‘Spider’ (Takii Korea, Seoul, Republic of Korea)
as the rootstock. The coir substrate (Daeyoung GS, Republic of Korea) used measured
1 m in length, 0.2 m in width, and 0.1 m in height, with a chip-to-dust ratio of 7:3. The
substrate was moistened to an EC concentration of 2.5 dS/m. The greenhouse was divided
into three sections at 8 m intervals, and 6-week-old tomato plants were transplanted on
20 April, 19 May, and 21 June, with 360 plants in each section. The planting density was
1.13 plants per square meter, with a bed spacing of 1.6 m. The target drainage EC was
set to 3.5–4.0 dS/m; the pH was set to 5.5–6.0; and the drainage rate was set to 35–40%.
Based on changes in the drainage EC and pH, the nutrient solution EC was maintained at
2.3–2.5 dS/m and the pH at 5.5–6.0.

4.3. Environmental Conditions during the Experiment

During the experimental period, the monthly average external temperature ranged
from −0.3 ◦C to 28.0 ◦C, and the monthly cumulative solar radiation ranged from
176.7 MJ/m2 to 532.4 MJ/m2. The internal temperature of the greenhouse was main-
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tained between 17.1 ◦C and 23.9 ◦C. The relative humidity ranged from 65.9% to 85.1%,
and the CO2 concentration was controlled between 367 ppm and 520 ppm (Figure 4).

Figure 4. Average outside temperature (•), internal temperature (•), relative humidity (•), and total
radiation (•) during the period of cultivation of tomatoes grown in greenhouses located in Jeonju.

4.4. Growth Assessment and Yield Measurement

To evaluate the growth and yield of tomatoes, 360 tomato plants were transplanted in
each experimental stage, of which 36 plants were selected from the center for measurement.
Growth comparisons were made during the early and late stages of growth over a three-
week period. Early growth was evaluated from 75 to 89 days after transplanting, while late
growth was assessed from 244 to 258 days after transplanting. The parameters measured
included the stem diameter, flowering position, stem growth, leaf length, and leaf width.
The leaf shape index was calculated by dividing the leaf length by the leaf width. Flowering
position was determined by measuring the distance between the highest fully bloomed
flower cluster and the growing point. Stem diameter was measured just below the flowering
cluster. Stem growth was determined by measuring the distance from the mark on the
support string, indicating the position of the growing point 7 days prior to the growing
point. Leaf length and width were measured by assessing the horizontal and vertical
dimensions of the lower leaves of the uppermost flowering cluster. Tomato fruit harvesting
was conducted from 65 to 265 days after transplanting for each treatment, at intervals of
1 to 2 times per week. Fruits were harvested when they were more than 80% colored (red
stage) and weighed using an electronic scale (KS-308, Dretec, Japan).

4.5. Chlorophyll Fluorescence Measurement

Light is closely related to crop yield, so chlorophyll fluorescence measurements were
taken to compare the light use efficiency of crops planted at different times. Chlorophyll
fluorescence was measured three times each during the early and late growth stages.
The early growth measurements were taken at 95, 124, and 152 days after transplanting,
while the late growth stage measurements were taken at 208, 237, and 264 days after
transplanting. Measurements were conducted on the terminal leaves of the lower leaf

42



Plants 2024, 13, 2116

of the highest flowering cluster for 36 plants in each treatment group. The leaves were
dark-adapted for 30 min using a leaf clip, and chlorophyll fluorescence was measured
using a Fluorpen FP-100 (Photon Systems Instruments, Brno, Czech Republic) to conduct
the Fast chlorophyll a fluorescence induction (OJIP) test.

The OJIP test captures the following fluorescence signals:

• O phase: The minimum fluorescence measured at 50 µs when all photosystem II (PSII)
reaction centers are open.

• J phase: Measured at 2 ms.
• I phase: Measured at 60 ms.
• P phase: The maximum fluorescence (FM) measured when all PSII reaction centers are

closed [24].

The data from the OJIP test were analyzed using FluorPen software (Photon Systems
Instruments, 1.1.2.4 Version, Brno, Czech Republic). The indices derived from the OJIP test
include F0, FM, FV/FM, PIABS, DI0/RC, and ET0/RC and are defined in Table 4.

• F0: Indicates the energy emitted by chlorophyll molecules before being transferred
to the PSII reaction center. An increase in F0 signifies a greater number of inactive
chlorophyll molecules, indicating reduced energy capture capacity [15].

• FV/FM: The most commonly used index in chlorophyll fluorescence analysis, repre-
senting the maximum photochemical efficiency of PSII [36]. It is calculated using the
following formula: FV = FM − F0.

• PIABS: An integrated index representing the absorption, electron transport efficiency, and
electron trapping efficiency of PSII, reflecting overall photosynthetic activity [22,32].

• ET0/RC: Reflects the electron transport efficiency of PSII, specifically the reduction of
QA to QB. This index decreases under stress conditions [23].

• DI0/RC: Indicates heat loss per reaction center (RC) at time zero. Energy not used for
photosynthesis or emitted as fluorescence is dissipated as heat, which increases under
stress [37].

Table 4. Description of OJIP parameters.

OJIP Parameters Explanation

F0 Minimal fluorescence yield of dark-adapted PS II
FM Maximal fluorescence yield of dark-adapted PS II
FV Maximal variable fluorescence (FV = FM − F0)

PIABS
Performance index for energy conservation from photons absorbed by
PSII antennas to the reduction of QB

FV/FM Maximum quantum yield of primary PSII photochemistry
ET0/RC Electron transport (ET) flux from QA to QB per PS II reaction center (RC)
DI0/RC Heat dissipation (DI) at time zero per reaction center

4.6. Statistical Analysis

To compare the growth parameters, including the stem diameter, flowering position,
stem growth, and leaf shape index, of tomatoes transplanted at different times in the semi-
closed greenhouse, a statistical analysis was performed. The analysis was conducted using
SPSS v.27 (IBM Corporation, Chicago, IL, USA). Duncan’s Multiple Range Test (DMRT)
was used to determine significant differences between treatments, with the confidence level
set at 95%.

5. Conclusions

The results showed that the tomatoes planted in April had a stem diameter approxi-
mately 18.4% thinner than those planted in May and 34.7% thinner than those planted in
June. Additionally, the flowering position of tomatoes planted in April was 66.7% higher
than those planted in May and 44.0% higher than those planted in June. Moreover, stem
growth in tomatoes planted in April was about 29.0% shorter compared to those planted in
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May and 34.6% shorter compared to June. Reduced stem growth suggests a decrease in the
frequency of stem lowering and guiding operations, potentially reducing labor costs. The
leaf shape index for April plantings was about 11.9% higher compared to May and 14.6%
higher compared to June, indicating a more balanced and weaker reproductive growth type.
The cumulative solar radiation in April was 8.4% higher than in May and 18.1% higher than
in June. The cumulative yield of tomatoes planted in April was 16.4% higher than those
planted in May and 33.3% higher than those planted in June. Additionally, the light use
efficiency for fruit production (LUEF) in April was 14.6% higher than in May and 42.9%
higher than in June. Therefore, April was identified as the period with the highest cumulative
solar radiation and light use efficiency. Chlorophyll fluorescence measurements showed no
significant differences between April and May. However, the PIABS values for June were
36.9% lower during early growth and 96.6% lower during late growth compared to April,
indicating the lowest photosynthetic activity in June. ET0/RC values for June were 16.4%
lower during early growth and 28.7% lower during late growth compared to April. The
DI0/RC values for June showed no significant differences during early growth but were
37.3% higher during late growth compared to April and 40.0% higher compared to May,
indicating higher stress levels and greater heat loss in June-planted tomatoes. Our analysis of
growth, yield, and photosynthesis determined that April is the most suitable planting time
for summer cropping in Korea. Planting in April can reduce labor costs and increase farm
income due to higher yields. Future research should focus on the effects of supplementary
lighting during the summer monsoon season in Korea, as this could further optimize growth
conditions. Since this study was conducted on “Dafnis” and “Spider” grafted seedlings,
results may vary for other varieties, highlighting the need for continued investigation across
different tomato cultivars.
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Abstract: With the increasing number of patients with chronic kidney disease (CKD) and the im-
proved recognition of nutritional therapy, research on low-potassium (LK) fruits and vegetables for
CKD patients has gained global attention. Despite its already commercial availability primarily in
Japan, public awareness remains limited, and cultivation methods lack a comprehensive strategy.
This review offers an extensive examination of the developmental significance, current cultivation
techniques, and existing limitations of functional LK fruits and vegetables with the objective of
providing guidance and inspiration for their exploitation. Additionally, this review investigates
various factors influencing K content, including varieties, temperature, light, exogenous substances,
harvest time, and harvest parts, with a focus on optimizing production methods to enhance potassium
utilization efficiency (KUE) and decrease the K content in plants. Finally, the review outlines the
shortcomings and prospects of research on LK fruits and vegetables, emphasizing the importance of
interdisciplinary research (in agriculture technology, medicine, and business) for patients with CKD
and the future development of this field.

Keywords: chronic kidney disease (CKD); hyperkalemia; soilless culture; potassium utilization
efficiency (KUE); tolerance to low-potassium (LK) stress

1. Introduction

Potassium ions (K+) are the most abundant cation in plants (non-halophytes) [1]. They
are involved in a variety of plant functions, including osmoregulation and cell extension,
stomatal movement, activation of enzymes, protein synthesis, photosynthesis, stress re-
sponses, phloem loading, and phloem transport and uptake [2,3]. Adequate K supply
maintains the normal root morphology [4], enhances water and nutrient uptake [4,5],
improves the photosynthetic efficiency [6], promotes the growth of plants [7], and melio-
rates the quality of fruits [8]. Although agriculture generally maintains high yield and
high quality in fruits and vegetables by increasing the potassium content in plants [7,9],
low-potassium (LK) fruits and vegetables for chronic kidney disease (CKD) patients have
recently become a research hotspot [10,11].

CKD has become a significant global health concern, affecting an estimated 8–13% of
the global population [12]. CKD is prevalent among the elderly, and with the increasing
aging of society in certain countries, its prevalence is rising [13]. In CKD patients with
impaired renal function, there is a decreased capacity to excrete K, leading to an increased
risk of hyperkalemia [14]. Hyperkalemia causes symptoms such as a slow heart rate,
numbness and soreness of limbs, and, in the worst cases, may lead to flaccid hemiplegia
or cardiac arrest [15]. Consequently, CKD patients are advised to restrict high-K foods,
with a recommended daily K intake below 3 g [16]. Fresh fruits and vegetables typically
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have a high K content. However, restricting their consumption can lead to deficiencies in
essential vitamins and minerals [17], as well as nutrients rich in fiber and alkali, which
can result in constipation and metabolic acidosis, both of which are significant risk factors
for hyperkalemia [18]. Incorporating LK fruits and vegetables into CKD patient diets
offers a solution to balancing nutritional needs while limiting K intake [19]. Therefore,
investigations and applications of functional LK fruits and vegetables hold significant
promise for individuals with CKD. Currently, there is no universally acknowledged K
value for classifying fruits and vegetables as LK. In Japan, fruits and vegetables with a
K content below 100 mg per 100 g of fresh weight (FW) are considered LK fruits and
vegetables [20].

Investigations of LK fruits and vegetables for patients with CKD originated in Japan [21].
Various studies have reported research on LK fruits and vegetables, encompassing spinach [10],
lettuce [22], strawberry [23], melon [24], onion [11] and tomato [25]. The Aizu-Wakamatsu
Akisai Vegetable Plant Factory of Fujitsu has achieved a notable production of 2500 heads
of LK lettuce daily, establishing itself as Japan’s largest plant factory for cultivating LK
vegetables [20]. Studies on LK fruits and vegetables conducted in other countries such as
China [26], South Korea [27], and Italy [19] have also been documented.

In this review, we present various existing methods for producing LK fruits and
vegetables, outline the factors affecting the K content in plants, and suggest avenues for the
further optimization of production methods.

2. Cultivation Methods of LK Fruits and Vegetables

Because the mineral elements in the nutrient solution of soilless cultivation are highly
controllable, the production of LK fruits and vegetables primarily relies on soilless culti-
vation. This can be achieved by reducing the supply of K to the nutrient solution [26,28].
Production methods are categorized into two types based on nutrient solution management:
LK supply via electrical conductance management (LKEC) and LK supply via nutrient
quantitative management (LKQM) [28].

2.1. LKEC Method

The LKEC method refers to the reduction in the K supply while maintaining the EC
of the nutrient solution during the cultivation of fruits and vegetables [28]. Conductivity
managements are commonly used for fertilizer and water control in soilless cultivation.
This involves establishing a target EC based on plant fertilizer demand. Fertilizers are
added when the nutrient solution falls below the target EC value, whereas water can be
added when it exceeds this value. The LKEC method operates on the principle of managing
the nutrient solution EC.

The LKEC method encompasses three adjustment approaches to the nutrient solution
formula. The first method involves reducing the application of K nitrate (KNO3) (the
KNO3 reduction method). The second method maintains the levels of other mineral
elements while only decreasing the K element (single-K element reduction method). For
example, KNO3 in formula fertilizers is substituted with ammonium nitrate (NH4NO3).
The third method maintains the nitrate ion (NO3

−) content while substituting the K ions
(K+) with sodium ions (Na+) or calcium ions (Ca2+) (cation substitution method). For
example, KNO3 is replaced with sodium nitrate (NaNO3) or calcium nitrate (Ca(NO3)2) in
formula fertilizers.

The first LKEC option is the KNO3 reduction method. K in the soilless cultivation
nutrient solutions is commonly supplied as KNO3. Therefore, reducing the application
of KNO3 could decrease the supply of K. Asaduzzaman [24] observed that melon plants
in perlite culture, receiving only 50% of the required KNO3 during the 3rd and 4th weeks
after transplantation, produced fruits with 53% less K content than the control group.
The resulting LK melon was well received by patients with CKD owing to its appealing
taste and the absence of a tingling sensation. Fuad Mondal [23] attempted to produce LK
strawberry fruits by reducing the KNO3 fertilizer in the nutrient solution from anthesis to
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harvest. The ‘Toyonoka’ variety exhibited a 64% reduction in K content when cultivated in
a nutrient solution containing KNO3 at 1/16 of the standard concentration.

The second LKEC option is the single-K element reduction method. Substituting
NH4NO3 for KNO3 can reduce the K element while maintaining the nitrogen levels. This
approach decreases the K content in vegetables. Liu [26] utilized NH4NO3 to replace a
portion of KNO3 in the formula. As the K concentration in the nutrient solution decreased,
the K content in the mustard, lettuce, and spinach exhibited a significant decline. The
mustard, lettuce, and spinach treated with 1/8 K exhibited K contents 79.93%, 66.37%, and
60.33% lower than that of the normal K concentration, respectively. Moreover, the 1/8 K
treatment presented higher levels of soluble solids and soluble sugar than the control group,
while nitrogen, phosphorus, Ca and magnesium levels remained similar to the control
group [26].

Last, there is the cation substitution method. Studies have indicated that Na+ and
Ca2+ can potentially substitute for K+ in certain nonspecific physiological functions, such
as osmoregulation [29,30]. This method of substituting K+ with Na+ or Ca2+ can mitigate
the stress induced by LK levels in plants and concurrently reduce the K content. At present,
the method of using Ca(NO3)2 or NaNO3 to replace part of the KNO3 in the nutrient
solution has successfully produced kale [27], lettuce [31] and microgreens [19] and other
vegetables with low potassium content, and these vegetable yields are no different from
the control. Son et al. [27] demonstrated this by substituting KNO3 with Ca(NO3)2 3 weeks
after the kale planting, maintaining the same EC value. After 3 weeks of K deprivation
treatment, the K content of kale demonstrated a 70% reduction in K content without any
adverse effects on yield or visual quality. Additionally, an increase in the health-promoting
component, glucosinolates, was observed. Renna et al. [19] successfully reduced the K
content in seedling vegetables by using NaNO3 to replace either all or 75% of KNO3 in
the nutrient solution. This resulted in seedling vegetables containing only 103–129 mg
of K per 100 g of FW compared to the normal K supply of 225–250 mg K per 100 g of
FW. The K content of the three Astericae seedlings (‘Molfetta’, ‘Italico a costa rossa’, and
‘Bionda da taglio’) decreased by approximately 50%, and the FW slightly decreased (17.5%).
There were no significant differences in plant height, dry matter, or commercial value.
Furthermore, there were no negative effects on the nutritional quality (total lipid, protein,
total carbohydrate, fiber, ashes, and antioxidant activity).

Although all three methods can yield fruits and vegetables with LK content, the
determination of the method should be based on the specific characteristics of the fruits
and vegetables species. When employing the cation substitution method, consideration
should be taken to the tolerance of fruits and vegetables to Na and Ca stress. Liu [26]
compared the effects of the single-K element reduction method and the cation substitution
method on the growth, mineral elements, and quality of three leafy vegetables (mustard,
lettuce, and spinach). The results indicated that when the K supply level in the nutrient
solution was below 1.19 mmol·L−1 for both methods, the K content in mustard and lettuce
decreased by over 50%. The cation substitution method was more suitable for the LK
production of mustard and lettuce, as it did not adversely affect yield. Conversely, the
single-K element reduction method significantly reduced the yield of mustard and lettuce.
Spinach could be sensitive to Na, and high Na levels inhibited the growth. Of both methods,
the single K reduction method has little effect on the spinach yield, making it more suitable
for spinach cultivation.

The timing of LK treatment could be crucial for implementing LKEC. Zhang et al. [22]
demonstrated that initiating LK nutrient solution from the time of colonization led to
reduced lettuce yield, rendering it ineffective for the LK lettuce production. However,
Ogawa [31] has suggested that withholding K application during the latter half of the
growth period for three types of leafy vegetables presented no difference in fresh and dry
weights compared to the control group. This suggests that providing K normally during
the early growth stage and then removing it during the late growth stage is preferred for
LK production in fruits and vegetables [31]. K can be removed from the nutrient solution 1
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or 2 weeks before harvesting for leafy vegetables [31], after flowering for solanaceous and
cucurbitaceous plants [24], and at the bulb expansion stage for bulb vegetables [11].

2.2. LKQM Method

Researchers have employed the LKQM method to distribute the K requirements of
plants across different stages of their growth [28]. A novel approach to nutrient manage-
ment in hydroponics has emerged, in which fertilizer is regularly supplied to the cultivation
system (quantitative management) regardless of the EC of the solution [20,32]. Despite
fluctuations in nutrient levels with this method, researchers have suggested that the roots
can efficiently absorb ions in large solution volumes without impeding plant growth [33].
This concept has been applied to the K supply for cultivating LK fruits and vegetables.
Some researchers have successfully produced LK vegetables by using the LKQM method.
In a LK cherry tomato cultivation experiment [25], the total quantity of K supply per plant
during the cultivation was 7.2 g (1 K, set as control), 3.6 g (1/2 K), 1.8 g (1/4 K), 0.9 g (1/8 K)
and 0.6 g (1/12 K), respectively, which means five quantitative treatments of K fertilizer
were set in the experiment. Researchers allocated 25%, 50%, and 25% of the total designated
K across three stages (before the first flower anthesis, after the first flower anthesis, and
after the green maturity of the first truss) in respective treatments with the K amount
evenly distributed for weekly application. When the total designed K was set at 1/4 K and
1/8 K, the average K content of fruits decreased from 151.8 mg·100 g−1 FW in the control
to 107.6 mg·100 g−1 FW and 76.4 mg·100 g−1 FW, respectively. However, the fruit yield,
sugar content, and acid content remained largely unchanged compared with the control.
Okada et al. [11] investigated the amount of K absorbed at the onion bulb expansion stage
under a sufficient amount of fertilizer. Then, they evenly distributed 1.5 times the amount
of mineral elements absorbed during onion bulb expansion over the 15 weeks of the ex-
pansion stage, resulting in LK onions with a K content of 88.3 mg·100 g−1 FW, which was
41.1% lower than the value (150 mg·100 g−1 FW) reported in the Standard Tables of Food
Composition in Japan (2015). Nevertheless, this had little impact on bulb yield.

The LKQM method appears to offer more advantages than the LKEC method. Xu
et al. [28] conducted a comparison of their effects on lettuce growth and K content. They
observed no significant differences in K content and plant growth between the LKEC and
LKQM treatments. However, lettuce treated with LKQM demonstrated lower Na content
than that treated with LKEC, and the overall fertilizer usage was reduced.

3. Optimization of the Cultivation Methods of LK Fruits and Vegetables

Currently, LK fruits and vegetables cultivation primarily focuses on controlling the
K levels in nutrient solutions. However, the K content of fruits and vegetables is also
affected by various factors, such as varieties [22], growing conditions [34], and exogenous
substances [17]. Therefore, optimizing LK fruits and vegetables cultivation methods should
consider these factors along with K regulation.

3.1. Utilizing High K Utilization Efficiency (KUE) Varieties

Varieties possessing high KUE genotypes offer significant advantages for LK fruits and
vegetables cultivation. KUE refers to the dry matter production per unit of accumulated K,
which is inversely related to the K content [35,36]. High KUE varieties typically exhibit a
lower relative K content and greater tolerance to LK stress [37]. For example, among the
lettuce varieties, crisphead demonstrated the lowest K content, 42.91% less than Romaine
lettuce, because of its higher KUE [38]. Additionally, Yang [39] reported that K-efficient rice
varieties (JNZ) yielded 1.59 times more grain than K-inefficient rice varieties (KQ47) under
LK soil conditions.

Significant intraspecific variations in KUE have been documented across crops. Wu [40]
examined K uptake and KUE among 56 barley varieties, revealing that the K dry matter
production efficiency, K dry matter production index, and dry matter weight of the K-
efficient genotype were 1.4–2.3, 2.1–3.9, and 1.7–2.1 times higher, respectively, than those of
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the K-inefficient genotype. The genotypic differences in KUE were primarily attributed
to (1) the variances in K partitioning and redistribution at the cellular and whole plant
levels, (2) the substitution ability of K by other ions [41], and (3) the proportion of re-
sources allocated to economic products [36]. Table 1 illustrates the cultivars with high K
efficiency and their phenotypes for certain crops. The K-efficient genotypes typically exhibit
developed and dense roots [36,42–47], enhanced K uptake ability [40,44,45,48], efficient
translocation and distribution of both K and carbohydrates [36,39,46], effective K recycling
and reuse [37], greater Na substitution capacity [41], higher photosynthetic pigments [47],
and a relative net photosynthetic rate under K deficiency [39]. Moreover, the K-efficient
varieties demonstrate a higher grain-filling rate at maturity, increased grain weight per
spike, and an elevated harvest index than K-inefficient varieties in rice [39] and wheat [49].

Table 1. K-efficient genotype cultivar and K-inefficient genotype cultivar of some plant varieties, and
characteristics of K-efficient genotype cultivar compared with K-inefficient genotype cultivar.

Plant Variety K-Efficient
Genotype

K-Inefficient
Genotype

Phenotype of K-Efficient Genotype
Cultivar References

Barley Sandrime AC Westech
Higher K uptake, K dry matter production
index, K dry matter production, efficiency,

and dry matter weight
[40]

Cotton 103 122
Developed root systems, higher LK
tolerance, better nutrition uptake

capability, and stronger transport organs
[44,45]

Pear Pyrus ussuriensis Pyrus betulifolia Higher LK tolerance, more efficiently
recycles and reuses K [37]

Potato Huayu 5, Zhengshu 5 08CA0710, 09307-830,
B20-7, Liangshu 2 Lower leaf and stem K content [50]

Proso millet Var 87, Var 189 Var 116
Developed and dense roots, higher

photosynthetic pigments, and higher LK
tolerance

[47]

Rice HA-88, EJF, JNZ KQ47, 81-280, TLHZ

Greater efficient translocation and
distribution of both K and carbohydrate;
higher relative net photosynthetic rate

under LK supply; greater relative tillering
rate during the tillering stage and a

greater relative grain-filling rate during
the late grain-filling stage

[39]

Sweet potato Nan 88, Xushu 18,
Shang 52-7, Zhe 6025

Zi 892, Meiguohong,
Zi 1

Higher root weight and root: top ratio and
harvest index (HI), and lower K
concentration and accumulation

[43]

Sweet potato Xu28, Wan5 Ji 22

Higher relative root weight per plant,
lower K concentrations in the roots or
whole plants at maturity, and better K
translocation in the shoots and roots

[36,46]

Tea plant 1511 1601 Developed root systems and higher
LK tolerance [42]

Tobacco
Qinyan 96, Yuyan 6,
Yunyan 87, Cuibi 1,

Zhongyan 100

Eyan 1, RG17,
Honghua Dajinyuan,

G28, K326

Lower leaf and stem K content, root vigor,
and K+ influxes [51]

Tomato 576, 571 349, 203, 546 Higher Na substitution capacity [41]
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Table 1. Cont.

Plant Variety K-Efficient
Genotype

K-Inefficient
Genotype

Phenotype of K-Efficient Genotype
Cultivar References

Watermelon ZXG0516, ZXG1553,
ZXG0620, YS

WFL, 8424, NBT,
HJX1

Higher relative shoot dry weight (ratio
between shoot growth at limited K and

that at adequate K), higher K uptake
ability, and lower K concentration

[48]

Wheat Yunmei 5 94-18
Higher grain weight per spike and

harvest index, lower stem K concentration
at maturity

[49]

In LK fruits and vegetables cultivation, the standard practice involves providing a
normal K supply in the early growth stages followed by K deficiency later on. Hence,
selecting varieties capable of efficiently reutilizing the absorbed K is paramount. However,
there is a dearth of research on this subject, making it a key area for future investigation of
LK fruits and vegetables cultivation.

3.2. Optimize the Cultivation Temperatures

The temperature can significantly affect the plant growth and development, influenc-
ing the mineral absorption, distribution, transformation, and utilization efficiency [52,53].
Generally, the K uptake responds quadratically to temperature variations with the optimal
temperatures for nutrient uptake and growth aligning closely [54–57]. Several studies
have reported a positive correlation between K content and uptake. Increasing root zone
temperature under lower air temperatures can enhance K uptake and elevate the shoot and
root K content in crops such as tomatoes [58] and grapevines [59]. However, excessively
high root-zone temperatures may hinder root development and reduce mineral absorption
and transportation efficiency [60]. This can lead to decreased K content in plant leaves, as
observed in various crops, such as salad rocket [34], cool-season grass [61], Lactuca sativa
L. cv. Panama [62], and cucumber [63]. Nonetheless, the increase in biomass due to the
appropriate temperatures may dilute the K in tissues, introducing uncertainty in the K
content–temperature relationship. Studies have shown that the total K uptake in star fruit
increases with increasing root temperature from 5 to 25 ◦C, with no significant difference
in leaf K content [43], which is a finding corroborated by Boatwright [64]. Moreover,
some studies have suggested that high temperatures exert a more pronounced negative
impact on the KUE than on absorption efficiency, resulting in higher K content at elevated
temperatures than under optimal conditions [54,56,65].

Although harsh ambient temperatures may decrease plant K content, the challenge of
slowing growth rates and diminished marketability for commercial production cannot be
ignored. The author suggests exploring alternative regulatory methods to reduce K content
instead of inducing temperature stress.

3.3. Optimize Light Conditions

Light and K play pivotal roles in various biological processes including stomatal
movement and crop quality. As key elements of light signaling, factors such as light
intensity, quality, and photoperiod also govern the K uptake and utilization in plants [66].
Recently, researchers have investigated the influence of different light conditions on K
absorption and concentration in plants (Table 2).

Previous studies have indicated that plant K uptake initially increases and then de-
creases with increasing light intensity with higher uptake occurring under moderate light
conditions [54,67]. However, increased light intensity enhances the KUE, resulting in the
decreased K content. This trend has been observed across various plant species, including
basil [68], brassica microgreens [69], lettuce [54,70], herbaceous plants [71], Tulbaghia violacea
L. [72], and Erythrophleum fordii Oliv. [73].
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In addition to the light intensity, the K absorption and concentration are also influenced
by the spectrum, although this effect may vary across different species or environmental
conditions [74]. The multi-band composite spectra have been shown to mitigate damage
caused by monochromatic light in Coriandrum sativum L. [75] and cucumber [76], resulting
in a higher KUE and a lower K content compared to monochromatic light conditions.
However, red light conditions led to the lowest K content in Chinese chive [77] and gar-
lic seedlings [78]. In contrast, the K content of lettuce and Michaelmas daisy remained
constant regardless of the presence of monochromatic or compound light in other ex-
periments [79–82]. The impact of the red/blue (R:B) ratio on mineral absorption and
accumulation has been extensively studied, as red and blue LEDs are commonly used for
indoor plant cultivation [83]. The sweet basil presented an initial increase and subsequent
decrease in K uptake and content as the R:B ratio varied from 0.5 to 4 with a peak uptake
observed at 3 and the lowest at 0.5 [83]. Although Chen [84] also observed a similar pattern
in lettuce, the correlation between the K content and the R:B ratio yielded inconsistent
results across experiments. Wu [85] noted a decreasing trend in K content in lettuce as R:B
ratios ranged from 100:0 to 60:40, whereas Liu [86] observed an initial increase followed
by a decrease in K content as R:B ratios ranged from 3:1 to 1:3 with the highest content at
1:1 and the lowest at 3:1. However, studies by Chen [84] and Tian [87] did not find a corre-
lation between the K content and changes in the R:B ratio. Under the identical R:B ratios,
Kopsell [88] indicated that different wavelengths of blue light impacted mineral nutrients
in kale (Brassica oleracea var. acephala) microgreens with lower blue LED wavelengths corre-
lating with decreased K content. Green light has been associated with a reduced K content
in lettuce [85] and flowering Chinese cabbage [89]. Plants grown under fluorescent lights
(FLs) or high-pressure sodium lights (HPSs) with more green light bands exhibited lower K
content than those grown under LED lights containing only red and blue light, supporting
the hypothesis that green light reduces K content in plants [83,90,91]. Far-red (Fr) light also
influences K absorption and utilization in certain plants. An increased proportion of far-red
light promotes K absorption in lettuce [91] and the accumulation of K content per unit in
tomato seedlings [92] while decreasing the K content in Chinese kale [93] and spinach [94].
The supplementation with trace amounts of UV-A has been shown to enhance basil growth
and improve KUE, consequently reducing K content [95]. Although the UV-B radiation can
reduce K content in some plants, its application is not suitable for LK vegetable production
because of its predominantly injurious effects on plant growth [96].

Extending the light duration appropriately decreases the plant K content in some
crops. Prolonged light exposure enhances K+ absorption by roots, its transport to the shoot,
and the overall K accumulation per plant [97–100]. However, the relationship between K
application efficiency and photoperiod varies among plants. Increasing the duration of
light exposure generally enhances plant biomass accumulation while reducing K content.
For example, Li and Liu [98] observed a reduction in cucumber shoot K content with three
hours of nighttime light supplementation. Continuous lighting before harvest significantly
decreases lettuce K content [86,99]. Han [101] reported that extending the photoperiod
from 12 to 16 h increased the K content in leaves but decreased it in fruits. Furthermore, in
experiments investigating light–dark rhythm effects on lettuce mineral content, researchers
found lower K content with lower light–dark alternation frequencies [102].

In conclusion, utilizing specific light conditions to promote plant growth is effec-
tive in reducing K content, serving a dilution function [103]. This strategy is particularly
advantageous for indoor cultivation, where artificial lighting is essential. Before the im-
plementation, it is imperative to conduct experiments or refer to similar results from the
literature to optimize light conditions for various plants to reduce K content.
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Table 2. Differential light conditions affecting K uptake and concentration in various plant varieties.

Light Condition Variation Trend Plant Variety K Uptake K
Concentration References

Light intensity

Went from 7 to 15 (DLI,
mol·m−2·d−1) Basil ↓ [68]

Went from 105 to 315
(PPFD, µmol·m−2·s−1)

Brassica
microgreens ↓ [69]

Went from 120 to 240
(PPFD, µmol·m−2·s−1) Cucumber ↑ [104]

Went from 100 to 600
(PPFD, µmol·m−2·s−1) Lettuce

First↑ then ↓,
highest on

500
↓ [54]

Went from 300 to 450
(PPFD, µmol·m−2·s−1) Lettuce — [87]

Went from 150 to 450
(PPFD, µmol·m−2·s−1) Lettuce ↓ [70]

Went from 65 to 446
(PPFD, µmol·m−2·s−1)

New Guinea
impatiens Irregularity [67]

90% to 0% shading

Dactylis glomerata,
Festuca ovina,

Trifolium
subterraneum,

Medicago lupulina

↓ [71]

15% to 100% full light Erythrophleum fordii
Oliv. ↓ [73]

33% to 100% full
sunlight Tomato ↓ [105]

40% to 0% shading Tulbaghia violacea L. ↓ [72]

Light
quality

Monochromatic
light vs.

compound light

R, B, G, 7R1B,
13R2B1Fr

Coriandrum sativum
L.

The sequence
from high to
low: R, B, G,

13R2B1Fr, 7R1B

[75]

R, B, 8R1B, W FL Cucumber

The sequence
from high to

low: R, B, 8R1B,
W

[76]

R, B, 3R1B, 7R1B, W FL Chinese chive

The sequence
from high to
low: B, 3R1B,
7R1B, W, R

[77]

R, B, 3R1B, W FL Garlic seedling

The sequence
from high to

low: B, 3R1B, W,
R

[78]

R, B, RB, UV-A, W FL
Lettuce (Lactuca
sativa L. ‘Lollo

Rosa’)
— [81]

R, B, RB, UV-A, W FL
Lettuce (Lactuca
sativa L. ‘Chung

Chi Ma’)
— [82]

R, B, 8R1B, W FL Lettuce — [79]

R, B, G, RB, YR, W FL Michaelmas daisy — [80]
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Table 2. Cont.

Light Condition Variation Trend Plant Variety K Uptake K
Concentration References

Light
quality

R/B light ratio

R/B light ratio from
100:0 decreased to

0:100
Lettuce

First ↑ then ↓,
highest on

70:30, lowest
on 100:0

— [84]

R/B light ratio from
100:0 decreased to

60:40
Lettuce ↓ [85]

R/B light ratio from 3:1
decreased to 1:3 Lettuce

First ↑ then ↓,
highest on 1:1,
lowest on 3:1

[86]

R/B light ratio from 8:1
decreased to 1:1 Lettuce — [87]

R/B light ratio from 4:1
decreased to 1:2 Sweet basil

First ↑ then ↓,
highest on 3:1,
lowest on 1:2

First ↑ then ↓,
highest on 3:1,
lowest on 1:2

[83]

W LED,
RB400, RB420, RB450,

RB470

Brassica oleracea var.
acephala

The sequence
from high to

low is: W,
RB470, RB450,
RB420, RB400

[88]

G light

G light ratio rose Lettuce ↓ [85]

G/R light ratio rose Flowering Chinese
cabbage ↓ [89]

W FL vs. RB Broccoli ↓ [90]

W FL vs. RB Sweet basil ↓ [83]

W HPS vs. RB Lettuce ↓ [91]

Far-red Light

Supplement far-red
light Chinese Kale ↓ [93]

Supplement B, R, Fr
LED to W FL Lettuce — [106]

Far-red/red light ratio
rose Lettuce ↑ [91]

Supplement Fr to W
LED light Spinach ↓ [94]

Supplement Fr Tomato ↑ [92]

Supplement Fr to R
LED light Tomato — — [107]

UV

Supplement UV-A Basil ↓ [95]

Supplement UV-B Soybean seedlings Root ↓, steam ↓,
leaf ↑ [108]

Supplement UV-B Spring wheat ↑ [109]

Supplement UV-B Soybean ↓ [96]

Supplement UV-B Mono-maple
seedlings

Root ↑, steam ↓,
leaf ↑ [110]

Supplement UV-B Mung bean
seedlings

Root ↑, steam ↓,
leaf ↑ [111]
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Table 2. Cont.

Light Condition Variation Trend Plant Variety K Uptake K
Concentration References

Photoperiod

Supplementary
illumination duration
from 0 h increased to

12 h

Cucumber ↑ Irregularity,
lowest on 3 h [98]

12 h extends to 24 h Lettuce — ↓ [86]

12 h extends to 16 h Lettuce ↑ [100]

Continuous lighting
before harvest Lettuce ↑ ↓ [99]

8/4 h (T12), 16/8 h
(CK), 24/12 h (T36),

32/16 h (T48)
Lettuce —

The sequence
from high to

low is: T12, T36,
CK, T48

[102]

Lengthen Sweet Pepper ↑ [97]

12 h extends to 16 h Tomato Leaf ↑, Fruit ↓ [101]

DLI: daily light integral; PPFD: photosynthetic photon flux density; LED: light-emitting diode; HPS: high-pressure
sodium lamp; R, B, G, Y, Fr, UV-A, and UV-B represent red light LED, blue light LED, green light LED, yellow
light LED, far-red light LED, ultraviolet-A radiation light LED, and ultraviolet-B radiation light LED; W FL and
W HPS represent white fluorescent lamps and white high-pressure sodium lamps. ↓, ↑ and — represent that
parameter was decreased, increased, and unaffected, respectively.

3.4. Optimizing Harvest Timing and Plant Parts Selections

The absorption and distribution of mineral elements in plants undergo dynamic
changes during the various growth stages. K demonstrates high mobility, resulting in
fluctuating levels in different plant parts throughout growth [112–114]. For instance,
during onion growth stages, K absorption varied significantly: 3.32% at the seedling stage,
71.79% during vigorous growth, and 24.89% during bulb expansion. Distribution patterns
also shift, with K primarily found in leaves at the seedling stage, in both bulbs and leaves
during vigorous growth, and predominantly in bulbs during bulb expansion [115]. During
cultivation, the K content in the roots, leaves, and bulbs initially rose and then decreased,
stabilizing over time. After 15 weeks, the K contents per 100 g of FW were 188.9 mg in
roots, 158.7 mg in leaves, and 88.3 mg in bulbs [11]. In hydroponic tomato cultivation, the K
content in fruits initially increased, peaked at the third truss fruit, and then declined, with
the fifth truss fruit exhibiting the lowest content [31]. Consequently, most of the K+ in leafy
vegetables was concentrated in new leaves, allowing old leaves to be harvested and sold as
LK vegetable commodities. In contrast, for bulb vegetables or fruits, suitable harvesting
times and parts should be determined based on the distribution and variation in K content.

3.5. Application of Exogenous Substances

Certain exogenous substances can mitigate the effects of LK stress on LK fruits and veg-
etables production, thereby enhancing biomass and nutritional quality. Reported substances
include proline [17], gibberellic acid-3 (GA3), jasmonic acid biosynthesis inhibitor (di-
ethyldithiocarbamate; DIECA) [116], indole-3-acetic acid (IAA) [117], 1-naphthaleneacetic
acid (NAA) [118], theanine [119], salicylic acid (SA) [120], and silicon [121]. For example,
the application of exogenous proline notably increased the proline, soluble sugar, and
ascorbic acid levels in LK lettuce. At concentrations of 1 and 1.5 mmol·L−1 proline, lettuce
leaf superoxide dismutase (SOD) activity increased by 42.5% and 29.5%, respectively. Simi-
larly, peroxidase dismutase (POD) activity increased by 67.0% and 39.3%, whereas shoot
FW increased by 37.4% and 31.5%, respectively. Notably, the K content in proline-treated
lettuce remained similar to that in untreated samples [17]. Compared to the control group,
the supplementation with 0.1 µmol·L−1 GA3 increased shoot FW by 1.4 to 2-fold in both
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the LK-tolerant tomato cultivar, JZ34, and the LK-sensitive cultivar, JZ18. However, the K
content in shoots decreased by 23.9% and 21.5% for JZ18 and JZ34, respectively. Similarly,
application of 100 µmol·L−1 DIECA, significantly increased shoot FW by 1.3-fold under
LK conditions while slightly reducing the K concentration in shoots [116]. Additionally,
Liu [122] demonstrated that the exogenous hormone IAA improved the photosynthetic
capacity and antioxidant enzyme activity in sweet potato under LK conditions, thereby
reducing the ultrastructural damage in root tip cells. Thus, the appropriate addition of
certain exogenous substances can alleviate K deficiency stress in LK fruits and vegeta-
bles production.

4. Shortcomings and Prospects of Research on LK Fruits and Vegetables

The LK fruits and vegetables lack standardized industry norms as functional foods for
patients with CKD. Currently, there has been no widely accepted K content that defines
the LK products. According to a summary of executive conclusions on hyperkalemia
management in CKD published by Kidney Disease Improving Global Outcomes, foods with
a potassium content of less than 200 mg·serving−1 are considered LK foods suitable for CKD
patients [123]. A serving of fruit and vegetables is about 150 g and 200 g, respectively [18],
so fruits and vegetables with a K content of less than 133 mg·100g−1 and 100 mg·100g−1,
respectively, can be considered LK fruits and vegetables. This is in line with the standard
for LK fruits and vegetables (less than 100 mg·100 g−1) currently sold in Japan, but further
scientific verification is needed to ensure safety.

The cultivation methods for LK fruits and vegetables are relatively straightforward,
often involving a K cut-off at later growth stages. However, this approach may lead to
unstable K levels under various cultivation conditions. Although the cultivation primarily
focuses on regulating the K content in the nutrient solution, the K levels are also influenced
by genotype, growth environment, and other mineral nutrients. Several strategies can
be implemented to optimize current cultivation methods. Firstly, K-efficient genotypes
have been selected based on previous studies. Secondly, according to the type of fruits
and vegetables, scientists can develop specific nutrient solution formula for low-potassium
products. And a complete set of fertilization strategies should be developed according
to the regulation strategies of irrigation frequency, nutrient solution EC, and pH. Thirdly,
environmental controls (temperature and light) have been integrated to boost fruits and
vegetables biomass, maximize the dilution effect to enhance KUE, and reduce plant K
content. Fourthly, it can enhance the yield and quality by decreasing the K concentration
through exogenous substance application, harvest timing, and plant parts selection. Fi-
nally, the comprehensive application of these methods can depend on the convenience of
cultivation and the economy. In summary, the precise control of K content in fruits and
vegetables requires in-depth study to develop a complete cultivation system and establish
industry standards.

Currently, the concept of using LK fruits and vegetables for the nutritional treatment of
CKD has remained unfamiliar to the public with limited clinical trial data available on their
K control ability and safety for CKD patients. CKD nutritional treatment is multifaceted,
necessitating the simultaneous consideration of protein, energy, Na, phosphorus, and K
intake [18]. Research on LK fruits and vegetables has primarily focused on the K content and
lacks comprehensive evaluation standards. Given the importance of fruits and vegetables
as staple food items, it is vital to explore and establish accurate sales channels for LK
products to meet population demand. Therefore, the research on LK fruits and vegetables
should encompass multidisciplinary fields, such as agriculture, medicine, and business,
to explore their clinical safety and nutritional treatment methods. Moreover, it is vital
to explore potential application scenarios and suitable business models for LK fruits and
vegetables to maximize their contribution to the nutritional treatment of CKD.
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Abstract: In this study, processing tomato (Solanum lycopersicum L.) ‘Ligeer 87-5’ was hydroponically
cultivated under 100 mM NaCl to simulate salt stress. To investigate the impacts on ion homeostasis,
osmotic regulation, and redox status in tomato seedlings, different endogenous levels of ascorbic
acid (AsA) were established through the foliar application of 0.5 mM AsA (NA treatment), 0.25 mM
lycorine (LYC, an inhibitor of AsA synthesis; NL treatment), and a combination of LYC and AsA (NLA
treatment). The results demonstrated that exogenous AsA significantly increased the activities and
gene expressions of key enzymes (L-galactono-1,4-lactone dehydrogenase (GalLDH) and L-galactose
dehydrogenase (GalDH)) involved in AsA synthesis in tomato seedling leaves under NaCl stress and
NL treatment, thereby increasing cellular AsA content to maintain its redox status in a reduced state.
Additionally, exogenous AsA regulated multiple ion transporters via the SOS pathway and increased
the selective absorption of K+, Ca2+, and Mg2+ in the aerial parts, reconstructing ion homeostasis
in cells, thereby alleviating ion imbalance caused by salt stress. Exogenous AsA also increased
proline dehydrogenase (ProDH) activity and gene expression, while inhibiting the activity and
transcription levels of ∆1-pyrroline-5-carboxylate synthetase (P5CS) and ornithine-δ-aminotransferase
(OAT), thereby reducing excessive proline content in the leaves and alleviating osmotic stress. LYC
exacerbated ion imbalance and osmotic stress caused by salt stress, which could be significantly
reversed by AsA application. Therefore, exogenous AsA application increased endogenous AsA
levels, reestablished ion homeostasis, maintained osmotic balance, effectively alleviated the inhibitory
effect of salt stress on tomato seedling growth, and enhanced their salt tolerance.

Keywords: ascorbic acid; ion homeostasis; osmotic balance; salt stress; tomato

1. Introduction

Soil salinization poses a significant challenge to agricultural production, impeding
crop growth and limiting yield formation [1,2]. Tomato (Solanum lycopersicum L.), widely
cultivated worldwide, is crucial for global agricultural production and trade. Xinjiang,
China’s largest processing tomato production base, is severely threatened by soil saliniza-
tion. Salt stress reduces the water potential of plant roots, leading to physiological drought
and inducing osmotic stress [3]. Excess salts absorbed by roots enter the aboveground
parts through transpiration, causing the accumulation of excessive Na+ and Cl− in leaves,
which compete with ions such as Ca2+, K+, and Mg2+ and disrupt ionic homeostasis [4].

Plants 2024, 13, 1672. https://doi.org/10.3390/plants13121672 https://www.mdpi.com/journal/plants63



Plants 2024, 13, 1672

Osmotic stress and ionic imbalance induce the production of reactive oxygen species (ROS),
which in turn causes oxidative stress, lipid peroxidation, and irreparable damage to cellu-
lar membranes, ultimately impacting plant growth and development [5]. Consequently,
reducing Na+ accumulation, restoring ionic homeostasis, and maintaining osmotic balance
and redox status are crucial for mitigating the adverse effects of salt stress on plants.

During the course of evolution, plants have developed a mechanism to maintain
low levels of Na+ by actively removing Na+ from the cytoplasm. Under salt stress, Na+

accumulation occurs, and plant cells sequester Na+ into vacuoles via Na+/H+ antiporters,
thereby reducing ion damage [6]. The salt overly sensitive (SOS) signaling pathway
regulates ion homeostasis by modulating the activity of Na+/H+ antiporters in response
to salt stress [7]). In addition to inorganic ions, proline (Pro) plays a crucial role as an
osmotic regulator in plants under stress conditions. The increase in proline content in
plants under salt stress is tightly regulated by enzymes involved in proline metabolism.
Proline biosynthesis in plants primarily occurs through the glutamate (Glu) pathway
and the ornithine (Orn) pathway, with the former being predominantly catalyzed by
∆1-pyrroline-5-carboxylate synthetase (P5CS) and the latter mainly regulated by ornithine-
δ-aminotransferase (OAT) [8]. Most studies indicate that the P5CS pathway is the primary
route for proline accumulation during stress [9], while OAT plays a key role in regulating
plant cell redox homeostasis by modulating proline metabolism under stress conditions [10].

In recent years, the use of exogenous substances to alleviate salt stress damage in
plants has emerged as an effective strategy to enhance plant salt tolerance [11–13]. L-
ascorbic acid (AsA), acting as an electron donor in redox reactions and an antioxidant, plays
crucial roles in plant growth, development, and stress responses [14,15]. AsA, located in the
cytoplasm and extracellular space, can directly perceive environmental stressors, thereby
regulating antioxidant defense and redox-sensitive signal transduction pathways [16,17].
Moreover, AsA has been shown to effectively enhance plant stress resilience. The appli-
cation of exogenous AsA can shield lipids and proteins from oxidative damage induced
by salt or drought stress [18,19]. Furthermore, numerous studies have underscored the
critical role of suitable concentrations of exogenous AsA in ameliorating damage caused
by various abiotic stresses, including salt [20], low temperature [21], heavy metals [22,23],
and drought [24]. Current research on alleviating salt stress with exogenous AsA primarily
focuses on antioxidant defense mechanisms and the mitigation of photoinhibition. For
instance, exogenous AsA enhances the activities of antioxidant enzymes in wheat [25],
tomato [26], strawberry [20], and cowpea [27] under salt stress, thereby counteracting
the adverse effects of salt stress on plant growth. However, research on the regulation of
ion homeostasis, selective absorption, and transport, the regulatory mechanism of Na+

regulation, and the synthesis and metabolism regulation of proline under salt stress by
exogenous AsA remains limited.

Previous studies have demonstrated that exogenous AsA can increase endogenous
AsA content [28]. However, it remains unclear whether exogenous AsA increases endoge-
nous AsA levels by regulating the expression and activity of key enzymes involved in AsA
biosynthesis. Therefore, in this study, processing tomatoes were used as the experimental
material, and exogenous AsA and LYC (lycorine, an inhibitor of AsA synthesis) were
applied to create different AsA levels. The study aimed to elucidate the mechanism by
which exogenous AsA enhances the salt tolerance of processing tomato seedlings from the
perspectives of ion homeostasis and osmotic stress. The results demonstrate that exoge-
nous AsA maintained a high level of endogenous AsA and the redox pool by altering the
activities of enzymes related to endogenous AsA synthesis and the expression levels of
related genes. It induced the SOS pathway to regulate multiple ion transporters, adjusting
intracellular ion homeostasis. Moreover, it enhanced the selective transport of K+, Ca2+, and
Mg2+ in the aerial parts, facilitated the efflux and compartmentalization of Na+ and Cl−,
and alleviated ion imbalance caused by salt stress. Additionally, exogenous AsA regulated
osmotic adjustment by enhancing Pro degradation and inhibiting its synthesis, thereby
mitigating the damage of salt stress to plants. Ultimately, these findings suggest that
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exogenous AsA effectively enhances root vitality and growth characteristics of processing
tomato seedlings under salt stress.

2. Materials and Methods
2.1. Plant Materials and Treatment Conditions

The experiment was conducted at Shihezi University’s solar greenhouse using the
processing tomato cultivar ‘Ligeer 87-5′. Seeds were germinated in plugs with a charcoal
and vermiculite mixture (2:1 v/v). After producing two true leaves, uniform seedlings were
transferred to black plastic buckets with foam covers for hydroponics, each containing
10 L of Hoagland nutrient solution (pH = 6.2) diluted with deionized water. After a 7-day
pre-cultivation period, seedlings were subjected to various treatments by adding 100 mM
NaCl to the nutrient solution for salt stress. Daily leaf sprays of 0.5 mM ascorbic acid (AsA)
and 0.25 mM lycorine (LYC), an inhibitor of the key AsA synthesis enzyme L-galactono-1,
4-lactone dehydrogenase (GalLDH), were applied. AsA and LYC were sourced from Sigma
(St. Louis, MO, USA) and Yuan Ye (China), respectively. Concentrations were based on
prior screening experiments. The five treatments were (1) control: distilled water; (2) NaCl:
100 mM NaCl + distilled water; (3) NA: 100 mM NaCl + 0.5 mM AsA; (4) NL: 100 mM
NaCl + 0.25 mM LYC; and (5) NLA: 100 mM NaCl + 0.25 mM LYC + 0.5 mM AsA. A
completely randomized block design with four replications per treatment and five plants
per replication was used. The nutrient solution was oxygenated throughout the experiment,
with sampling on the third day of treatment [28].

2.2. Determination of Growth Indicators

Aboveground and belowground relative growth rates (RGRs) were calculated follow-
ing the method described by Van [29]. Root activity was determined using the triphenylte-
trazolium chloride (TTC) method, as outlined by Li [30].

2.3. Ion Content and Transcriptional Expression Assay of Key Genes of SOS Signaling Pathway

K+, Ca2+, Na+, and Mg2+ ions were quantified using inductively coupled plasma emis-
sion spectrometry (ICP-OES, Agilent, Santa Clara, CA, USA). Cl− content was determined
following Nazar’s method [31]. The ion-selective transport ratios [S Na, X = leaf (X/Na+)/root
(X/Na+)] were calculated according to Epstein’s method [32], with X representing Ca2+,
K+, and Mg2+, respectively.

Gene expression levels of salt overly sensitive 1,2,3 (SOS1, SOS2, SOS3), Na+/H+ an-
tiporter 1, 2, 3 (NHX1, NHX2, NHX3), high-affinity potassium transporter protein (HKT1;2),
pyrophosphate-energized vacuolar membrane proton pump (VP1), and chloride channel
(CLC) were determined following Livak et al. [33], with the primers used detailed in Table 1.

Table 1. Quantitative real-time PCR sequences.

Gene Primer Sequence (5′ to 3′)

Actin (NM_001323002.1) FORWARD TGGTCGGAATGGGAAAG
REVERSE CTCAGTCAGGAGAACAGGGT

SOS1 (AJ717346.1) FORWARD GCTGATGTCTCTGGTGTCTTGACTG
REVERSE TTGATGACTCTCGCCCTTGAAAGC

SOS2 (NM_001247281.2) FORWARD TATTTCCCGCCAACCTGCTAAAGTC
REVERSE GACCAGCCCTATTTGCCGTTACC

SOS3 (AJ717347.1) FORWARD TATTCCACCCAAATGCACCAGTAGC
REVERSE CATTCAGCAGCGCCAAAACCATC

NHX1 (NM_001246987.1) FORWARD CTTGGTCTGGTTCTGGTTGGAAGG
REVERSE AGCCCACCATATCGTGACCTGTAG

NHX2 (NM_001328634.1) FORWARD TCACTGCTACCACTGCCATTGTTG
REVERSE ACCATCACCCACAACTTCCAAAGC

NHX3 (NM_001247326.2) FORWARD TGGTTGGAAGGGCAGCATTTGTC
REVERSE TGAAACAGCACCTCGCATAAGTCC
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Table 1. Cont.

Gene Primer Sequence (5′ to 3′)

HKT1;2 (NM_001302904.1) FORWARD CCTACCGTCTTTTCGTCCTCA
REVERSE GCTTCCCCACCAAGAAACATC

VP1 (NM_001278976.2) FORWARD GATGGTTGAGGAAGTGCGTAGGC
REVERSE CACAGGTGGCATAGTCAGGCTTG

CLC (NM_001247096.2) FORWARD CGTCGCCTTCGCCTTCTAATCG
REVERSE CAACAAGCAACATCGCCCATTCC

P5CS (NM_001246978.2) FORWARD TGGAAGATTAGGAGCCCTCTGTGAG
REVERSE CTAAGCCGCTGACGACCAACAC

OAT (NM_001247674.3) FORWARD GGCTCTCATTGTCTCGTGCTGTG
REVERSE GGGCAACCGAATCTCCAAAATCAAC

ProDH (NM_001347105.1) FORWARD CCACCACCACGACCATCACAAC
REVERSE CATTACCCACATGCCCAAATCAACC

AAO (NM_001247900.2) FORWARD ACAAGCAGGACTACAAGGAATGATG
REVERSE AGGCAATGAAGCAAGACCAGTTG

GalDH (XM_004230609.4) FORWARD CAACGACTGGAATGGACGAAGAAG
REVERSE AACAGGAGATCACAATTCACAAGACC

GalLDH (NM_001247674.3) FORWARD GTTGAGAGGCAGGAGCTTGTAGAAC
REVERSE TGTCACAACCACAACGGCATCAG

Note: Actin: Actin gene; SOS1: Salt overly sensitive 1 gene; SOS2: Salt overly sensitive 2 gene; SOS3: Salt
overly sensitive 3 gene; NHX1: Na+/H+ antiporter 1 gene; NHX2: Na+/H+ antiporter 2 gene; NHX3: Na+/H+

antiporter 3 gene; HKT1;2: high-affinity potassium transporter protein gene; VP1: pyrophosphate-energized
vacuolar membrane proton pump gene; CLC: chloride channel protein gene; P5CS: ∆1-pyrroline-5-carboxylate
synthase gene; OAT: ornithine-δ-aminotransferase gene; ProDH: proline dehydrogenase gene; AAO: ascorbate
oxidase gene; GalDH: L-galactose dehydrogenase gene; GalLDH: L-galactono-1, 4-lactone dehydrogenase gene.

2.4. Proline (Pro) Content and Its Anabolic Key Enzyme Activities and Gene Expression Assays

Proline (Pro) content was quantified using the acid ninhydrin colorimetry method
described by de Freitas [34]. The activity of ∆1-pyrroline-5-carboxylate synthase (P5CS)
was assessed following the protocol of Song et al. [35], while the activity of ornithine-δ-
aminotransferase (OAT) was measured according to Kim et al. [36]. Proline dehydrogenase
(ProDH) activity was determined using the method outlined by Lutts [37]. A gene expres-
sion analysis of key enzymes involved in Pro synthesis and metabolism was performed
using qRT-PCR, with the primer sequences provided in Table 1.

2.5. Ascorbic Acid (AsA) Content and Its Anabolic Key Enzyme Activities and Gene
Expression Assays

Ascorbic acid (AsA) and dehydroascorbic acid (DHA) levels were measured following
the protocol outlined by Jiang et al. [38]; l-galactose dehydrogenase (GalDH) activity
was determined using the method described by Gatzek [39]; L-galactono-1, 4-lactone
dehydrogenase (GalLDH) activity was assessed according to Ôba [40]; and ascorbate
oxidase (AAO) activity was determined following the procedure by Esaka [41]. The
gene expression of GalDH, GalLDH, and AAO was analyzed using qRT-PCR, with primer
sequences detailed in Table 1.

2.6. Gene Expression Analysis

The total RNA from tomato leaves was extracted using the Trizol method and reverse-
transcribed into cDNA using the Hyper ScriptTM III RT SuperMix (EnzyArtisan Biotech,
Shanghai, China), following the manufacturer’s instructions. qPCR amplification was
performed in real-time using 2 × S6 Universal SYBR qPCR Mix (enzyme Biotech, China).
Each sample was run in triplicate, and each gene was analyzed with three biological and
technical replicates. The relative gene expression was calculated using the 2−∆∆Ct method.
The qRT-PCR amplification primers are listed in Table 1. The tomato actin gene served as
an internal control [42,43].
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2.7. Statistical Analysis

Data were processed and statistically analyzed using Microsoft Excel 2020 and SPSS
19.0. Graphs were generated using Origin 2021 software. One-way analysis of vari-
ance (ANOVA) followed by Duncan’s multiple range test was utilized to ascertain the
significance of differences between treatments (p < 0.05). The results are expressed as
mean ± standard deviation.

3. Results
3.1. Exogenous AsA Promotes the Growth of Tomato Seedlings under Salt Stress

Figure 1 demonstrates that 100 mM NaCl stress significantly hindered the growth of
tomato seedlings, as indicated by a notable decrease in the relative growth rate of both
aerial and underground parts, along with the root activity of tomato seedlings compared to
the control. However, the application of exogenous AsA mitigated the adverse effects of
NaCl stress on the relative growth rate of both aerial and underground parts, as well as the
root activity of tomato seedlings, resulting in significant increases of 186.1%, 141.9%, and
66.9%, respectively. In contrast, LYC application (NL treatment) exacerbated the inhibitory
effect of NaCl stress on tomato seedling growth. The NLA treatment significantly reversed
the aforementioned indices compared to the NL treatment. These results indicate that AsA
can promote the growth of tomato seedlings under salt stress.
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(D) in the leaves of salt-stressed tomato seedlings with or without exogenous reduced ascorbic acid 

Figure 1. Values of the relative growth rate (aerial part) (A), relative growth rate (underground
part) (B), root activity (C), and photographs of tomato seedlings on the third day after different
treatments (D) in the leaves of salt-stressed tomato seedlings with or without exogenous reduced
ascorbic acid (AsA) and Lycorine (LYC, AsA synthesis inhibitor) spraying. All measurements were
performed on leaves at 3 d after treatment. Error bars represent SD (n = 4). Different letters indicate
significance differences among treatments (p < 0.05). Control: no NaCl and no AsA and no LYC;
NaCl: 100 mM NaCl; NA: 100 mM NaCl + 0.5 mM AsA; NL: 100 mM NaCl + 0.25 mM LYC; NLA:
100 mM NaCl + 0.25 mM LYC + 0.5 mM AsA.
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3.2. Exogenous AsA Increases the Content of Endogenous AsA of Tomato Seedlings under
Salt Stress

As depicted in Figure 2, exposure to NaCl stress significantly reduced the endogenous
AsA content, total AsA content, and the AsA/DHA ratio, while significantly increasing the
DHA content compared to the control. The application of exogenous AsA (NA treatment)
resulted in a significant increase in AsA content by 172.9%, total AsA content by 53.1%,
and the AsA/DHA ratio by 338.7%, while significantly decreasing the DHA content by
37.8% compared to the NaCl treatment. Conversely, the NL treatment significantly reduced
the AsA and total AsA content, as well as the AsA/DHA ratio, compared to the NaCl
treatment, with a significant increase in DHA content in tomato leaves. The NLA treatment
significantly decreased the DHA content and significantly increased the AsA and total
AsA content, as well as the AsA/DHA ratio, compared to the NL treatment. These results
indicate that exogenous AsA can increase the content of endogenous AsA and maintain a
high redox pool of AsA.
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Figure 2. Values of the AsA content (A), total AsA content (B), DHA content (C), and ratio of
AsA/DHA (D) in the leaves of salt-stressed tomato seedlings with or without exogenous reduced
ascorbic acid (AsA) and Lycorine (LYC, AsA synthesis inhibitor) spraying. All measurements were
performed on leaves at 3 d after treatment. Error bars represent SD (n = 4). Different letters indicate
significance differences among treatments (p < 0.05). Control: no NaCl and no AsA and no LYC;
NaCl: 100 mM NaCl; NA: 100 mM NaCl + 0.5 mM AsA; NL: 100 mM NaCl + 0.25 mM LYC; NLA:
100 mM NaCl + 0.25 mM LYC + 0.5 mM AsA.

3.3. Exogenous AsA Affects Key Enzyme Activities and the Gene Expression of AsA Anabolism of
Tomato Seedlings under Salt Stress

As shown in Figure 3, the activities of GalDH and GalLDH in tomato seedling leaves
under NaCl stress were significantly reduced, while AAO activity was significantly in-
creased compared to the control, exhibiting similar trends in AAO, GalDH, and GalLDH
gene expression. The exogenous application of AsA significantly increased the enzyme
activities of GalDH and GalLDH and their gene expression, while significantly decreasing
AAO activity and gene expression levels compared to the NaCl treatment. Conversely, the
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exogenous application of LYC significantly decreased GalDH and GalLDH activities and
GalDH gene expression levels compared to the NaCl treatment, had no significant effect on
AAO activity, but significantly upregulated AAO gene expression levels throughout the
treatment. The application of AsA on top of the NL treatment significantly reversed these
indices, increasing GalDH and GalLDH activities by 103.1% and 129.3%, respectively, and
significantly decreasing AAO activity by 90.7%. These results indicate that exogenous AsA
can significantly affect the activity of key enzymes and the gene expression of endogenous
AsA anabolic metabolism.
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Figure 3. Values of the AAO activity (A), AAO gene expression (B), GalDH activity (C), GalDH gene
expression (D), GalLDH activity (E), and GalLDH gene expression (F) in the leaves of salt-stressed
tomato seedlings with or without exogenous reduced ascorbic acid (AsA) and Lycorine (LYC, AsA
synthesis inhibitor) spraying. All measurements were performed on leaves at 3 d after treatment. Error
bars represent SD (n = 4). Different letters indicate significance differences among treatments (p < 0.05).
Control: no NaCl and no AsA and no LYC; NaCl: 100 mM NaCl; NA: 100 mM NaCl + 0.5 mM AsA;
NL: 100 mM NaCl + 0.25 mM LYC; NLA: 100 mM NaCl + 0.25 mM LYC + 0.5 mM AsA.

3.4. Exogenous AsA Alleviates the Ionic Imbalance of Tomato Seedlings under Salt Stress

Compared to the control, the NaCl treatment significantly increased the Na+ and Cl−

contents as well as Na+/K+, Na+/Ca2+, and Na+/Mg2+ ratios in tomato leaves and roots,
and significantly decreased K+, Ca2+, and Mg2+ contents, as shown in Figure 4. Treatment
with exogenous AsA under salt stress significantly reduced the Na+ and Cl− contents in
both leaves and roots by 2.6% and 14.1%, and 21.6% and 16.6%, respectively, compared to
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the NaCl treatment. Furthermore, it significantly increased the K+, Ca2+, and Mg2+ contents
by 10.5% and 13.6%, 36.4% and 52.6%, and 15.8% and 7.8%, respectively. Additionally,
the ratios of Na+/K+, Na+/Ca2+, and Na+/Mg2+ showed a significant decrease. The NL
treatment led to an accumulation of Na+ and Cl− and a significant reduction in K+, Ca2+,
and Mg2+ contents in both leaves and roots of tomato seedlings under NaCl treatment,
further disrupting the ionic homeostasis (resulting in significantly increased Na+/K+,
Na+/Ca2+, and Na+/Mg2+ ratios). However, the application of AsA significantly mitigated
the negative effects of LYC on the leaves and roots of tomato seedlings under salt stress.
The above indicates that exogenous AsA can reduce the ion imbalance caused by salt stress
in tomato seedlings.
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Figure 4. Values of the Na+ content (A), Cl− content (B), K+ content (C), Ca2+ content (D), Mg2+

content (E), Na+/K+ (F), Na+/Ca2+ (G) and Na+/Mg2+ (H) in the leaves and roots of salt-stressed
tomato seedlings with or without exogenous reduced ascorbic acid (AsA) and Lycorine (LYC, AsA
synthesis inhibitor) spraying. All measurements were performed on leaves at 3 d after treatment. Error
bars represent SD (n = 4). Different letters indicate significance differences among treatments (p < 0.05).
Control: no NaCl and no AsA and no LYC; NaCl: 100 mM NaCl; NA: 100 mM NaCl + 0.5 mM AsA;
NL: 100 mM NaCl + 0.25 mM LYC; NLA: 100 mM NaCl + 0.25 mM LYC + 0.5 mM AsA.

70



Plants 2024, 13, 1672

3.5. Exogenous AsA Affects the Ion Selective Absorption and Transportation Capacity of Tomato
Seedlings under Salt Stress

As shown in Figure 5, compared to the control, salt stress significantly increased SK, Na,
SMg, Na, and SCa, Na by 52.6%, 28.4% and 110.5%, respectively. The exogenous spraying of
AsA significantly decreased SK, Na, SMg, Na, and SCa, Na in tomato seedlings under salt stress.
Conversely, the exogenous spraying of LYC significantly decreased SK, Na and SMg, Na but
had no significant effect on SCa, Na under salt stress. Compared to the NL treatment, the
NLA treatment significantly increased SK, Na and SMg, Na, while significantly decreasing
SCa, Na. These results indicate that exogenous AsA can significantly affect the ion selective
transport ratio of tomato under salt stress.
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Figure 5. Values of SK, Na (A), SMg, Na (B), and SCa, Na (C) in leaves of salt-stressed tomato seedlings
with or without exogenous reduced ascorbic acid (AsA) and Lycorine (LYC, AsA synthesis inhibitor)
spraying. All measurements were performed on leaves at 3 d after treatment. Error bars represent SD
(n = 4). Different letters indicate significance differences among treatments (p < 0.05). Control: no
NaCl and no AsA and no LYC; NaCl: 100 mM NaCl; NA: 100 mM NaCl + 0.5 mM AsA; NL: 100 mM
NaCl + 0.25 mM LYC; NLA: 100 mM NaCl + 0.25 mM LYC + 0.5 mM AsA.

3.6. Exogenous AsA Regulates the Expression of Genes Related to the SOS Pathway of Tomato
Seedlings under Salt Stress

The expression levels of the SOS1, SOS2, NHX2, NHX3, HKT1;2, VP1, and CLC genes
were downregulated to varying degrees in tomato seedling leaves under NaCl treatment
compared with control, as shown in Figure 6. The exogenous spraying of AsA significantly
upregulated the expression levels of the SOS1, SOS2, NHX2, NHX3, HKT1;2, VP1, and
CLC genes in tomato seedling leaves by 2.12-, 3.35-, 2.64-, 2.19-, 3.05-, 4.55-, 5.55-, 3.76, and
1.44-fold, respectively, compared to the NaCl treatment. The expression of the above genes
decreased to different degrees in the NL treatment compared to NaCl stress. However,
the NLA treatment reversed this phenomenon, and all the above-mentioned genes were
significantly upregulated. This indicates that exogenous AsA can regulate ion homeostasis
by regulating the expression of genes related to the SOS pathway.

3.7. Exogenous AsA Regulates Proline (Pro) Content and Its Anabolic Key Enzyme Activities and
Gene Expression in Tomato Seedlings under Salt Stress

As shown in Figures 7 and 8, salt stress significantly increased Pro content and the
activity and gene expression of P5CS and OAT, while significantly decreasing ProDH activ-
ity and gene expression in tomato seedling leaves compared with the control. Compared
with the NaCl treatment, the NA treatment significantly reduced Pro content as well as
the activities of P5CS and OAT by 60.2%, 45.6, and 14.8%, respectively. The NA treatment
downregulated the expression of the P5CS gene by 0.25-fold and the expression of the OAT
gene by 0.38-fold under NaCl stress. Additionally, the NA treatment significantly increased
ProDH activity by 20.7% and upregulated ProDH gene expression by 2.64-fold. However,
the exogenous application of the AsA inhibitor LYC significantly increased proline content
as well as OAT and P5CS activities and their gene expression in tomato seedling leaves
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under salt stress conditions, while significantly decreasing ProDH activity and gene ex-
pression. The exogenous spraying of AsA on top of the NL treatment then significantly
reversed the trend of the above indicators. These results indicate that exogenous AsA can
reduce the proline content in tomato under salt stress by regulating the activity of key
enzymes and gene expression in proline anabolism.
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Figure 6. Expression of SOS1 (Salt overly sensitive 1 gene) (A), SOS2 (Salt overly sensitive 2 gene)
(B), SOS3 (Salt overly sensitive 3 gene) (C), NHX1 (Na+/H+ antiporter 1 gene) (D), NHX2 (Na+/H+

antiporter 2 gene) (E), NHX3 (Na+/H+ antiporter 3 gene) (F), HKT1;2 (high-affinity potassium
transporter protein gene) (G), VP1 (pyrophosphate-energized vacuolar membrane proton pump
gene) (H), and CLC (chloride channel protein gene) (I) genes in the leaves of salt-stressed tomato
seedlings with or without exogenous reduced ascorbic acid (AsA) and Lycorine (LYC, AsA synthesis
inhibitor) spraying. All measurements were performed on leaves at 3 d after treatment. Error bars
represent SD (n = 3). Different letters indicate significance differences among treatments (p < 0.05).
Control: no NaCl and no AsA and no LYC; NaCl: 100 mM NaCl; NA: 100 mM NaCl + 0.5 mM AsA;
NL: 100 mM NaCl + 0.25 mM LYC; NLA: 100 mM NaCl + 0.25 mM LYC + 0.5 mM AsA.

3.8. Analysis of Correlation

From the results of the correlation analysis, significant positive or negative correlations
were observed between some salt-responsive physiological and morphological parameters
(Figure 9). For example, aboveground and belowground relative growth rates were sig-
nificantly and negatively correlated with Cl− content in plant leaves and roots, and the
salt over-sensitive (SOS) regulatory pathways (SOS1, SOS2, and SOS3 gene expression)
were significantly and positively correlated with the expression of the ProDH and GalDH
genes. This suggests that some of the parameters may have similar responses to salt stress.
However, the significant correlation between two parameters does not imply that they can
be substituted for each other.
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Figure 7. Values of proline content in the leaves of salt-stressed tomato seedlings with or without
exogenous reduced ascorbic acid (AsA) and Lycorine (LYC, AsA synthesis inhibitor) spraying. All
measurements were performed on leaves at 3 d after treatment. Error bars represent SD (n = 4).
Different letters indicate significance differences among treatments (p < 0.05). Control: no NaCl
and no AsA and no LYC; NaCl: 100 mM NaCl; NA: 100 mM NaCl + 0.5 mM AsA; NL: 100 mM
NaCl + 0.25 mM LYC; NLA: 100 mM NaCl + 0.25 mM LYC + 0.5 mM AsA.

Plants 2024, 13, x FOR PEER REVIEW 11 of 18 
 

 

 

Figure 7. Values of proline content in the leaves of salt-stressed tomato seedlings with or without 

exogenous reduced ascorbic acid (AsA) and Lycorine (LYC, AsA synthesis inhibitor) spraying. All 

measurements were performed on leaves at 3 d after treatment. Error bars represent SD (n = 4). 

Different letters indicate significance differences among treatments (p < 0.05). Control: no NaCl and 

no AsA and no LYC; NaCl: 100 mM NaCl; NA: 100 mM NaCl + 0.5 mM AsA; NL: 100 mM NaCl + 

0.25 mM LYC; NLA: 100 mM NaCl +0.25 mM LYC + 0.5 mM AsA. 

 

Figure 8. Values of Δ1-pyrroline-5-carboxylate synthase (P5CS) activity (A), expression of P5CS (Δ1-

pyrroline-5-carboxylate synthase gene) gene (B), ornithine-δ-aminotransferase (OAT) activity (C), 

expression of OAT (ornithine-δ-aminotransferase gene) gene (D), proline dehydrogenase (ProDH) 

Figure 8. Values of ∆1-pyrroline-5-carboxylate synthase (P5CS) activity (A), expression of P5CS
(∆1-pyrroline-5-carboxylate synthase gene) gene (B), ornithine-δ-aminotransferase (OAT) activity (C),
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expression of OAT (ornithine-δ-aminotransferase gene) gene (D), proline dehydrogenase (ProDH)
activity (E), and expression of ProDH (proline dehydrogenase gene) gene (F) in the leaves of salt-
stressed tomato seedlings with or without exogenous reduced ascorbic acid (AsA) and Lycorine (LYC,
AsA synthesis inhibitor) spraying. All measurements were performed on leaves at 3 d after treatment.
Error bars represent SD (n = 4). Different letters indicate significance differences among treatments
(p < 0.05). Control: no NaCl and no AsA and no LYC; NaCl: 100 mM NaCl; NA: 100 mM
NaCl + 0.5 mM AsA; NL: 100 mM NaCl + 0.25 mM LYC; NLA: 100 mM NaCl + 0.25 mM
LYC + 0.5 mM AsA.
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3.9. Mechanism of AsA in Alleviating Salt Stress

As shown in Figure 10, salt stress induces a high oxidative state in cells, disrupts ionic
homeostasis in the roots and leaves of tomato seedlings, accumulates large amounts of
Na+ and Cl−, and reduces the expression of genes related to the SOS pathway, thereby
disrupting the dynamic balance of proline. These effects ultimately lead to decreased
root activity and affect the overall growth and development of the plant. However, the
exogenous spraying of AsA significantly reverses these phenomena. Exogenous AsA
effectively improves the growth characteristics of plants under salt stress by maintaining
high endogenous AsA levels and redox pools. This maintenance mediates the SOS pathway
to alleviate ionic toxicity and mitigates osmotic stress by regulating proline synthesis and
metabolism. These actions enhance the plant’s resilience to stress.

74



Plants 2024, 13, 1672

Plants 2024, 13, x FOR PEER REVIEW 13 of 18 
 

 

3.9. Mechanism of AsA in Alleviating Salt Stress 

As shown in Figure 10, salt stress induces a high oxidative state in cells, disrupts ionic 

homeostasis in the roots and leaves of tomato seedlings, accumulates large amounts of 

Na+ and Cl−, and reduces the expression of genes related to the SOS pathway, thereby 

disrupting the dynamic balance of proline. These effects ultimately lead to decreased root 

activity and affect the overall growth and development of the plant. However, the exoge-

nous spraying of AsA significantly reverses these phenomena. Exogenous AsA effectively 

improves the growth characteristics of plants under salt stress by maintaining high en-

dogenous AsA levels and redox pools. This maintenance mediates the SOS pathway to 

alleviate ionic toxicity and mitigates osmotic stress by regulating proline synthesis and 

metabolism. These actions enhance the plant’s resilience to stress. 

 

Figure 10. Schematic representation of the mechanism by which exogenous AsA alleviates salt stress 

in tomato seedlings. 

4. Discussion 

Salt stress, as a major abiotic stressor, induces ion toxicity, osmotic stress, and oxida-

tive stress, leading to physiological imbalances in plants. These effects severely restrict 

crop growth, development, and yield, posing a global threat to agricultural production 
[44]. Plant roots are particularly sensitive to stress signals, and salt stress inhibits their 

growth, reducing root vitality and impacting the absorption of water and nutrients, 

thereby affecting the entire plant’s normal growth. The findings of this study demonstrate 

that salt stress significantly inhibited the growth and biomass accumulation of tomato 

seedlings. However, the exogenous application of AsA effectively improved plant growth 

characteristics under salt stress by enhancing root vitality, as shown in Figure 1. These 

results are consistent with earlier reports indicating that AsA can mitigate the adverse 

effects of salt stress on plant biomass. Furthermore, we observed that exogenous AsA ap-

plication to tomato seedlings under salt stress increased endogenous AsA levels and the 

AsA/DHA ratio, as illustrated in Figure 2. 

Research has shown that the cellular redox state is an important factor in plants’ re-

sistance to abiotic stress [45]. Maintaining a high redox pool of AsA (AsA/DHA ratio) is 

crucial for plants to scavenge excessive ROS and keep the thiol groups of soluble proteins 

and membrane proteins in a reduced state. The results indicate that the exogenous 

Figure 10. Schematic representation of the mechanism by which exogenous AsA alleviates salt stress
in tomato seedlings.

4. Discussion

Salt stress, as a major abiotic stressor, induces ion toxicity, osmotic stress, and oxidative
stress, leading to physiological imbalances in plants. These effects severely restrict crop
growth, development, and yield, posing a global threat to agricultural production [44].
Plant roots are particularly sensitive to stress signals, and salt stress inhibits their growth,
reducing root vitality and impacting the absorption of water and nutrients, thereby affecting
the entire plant’s normal growth. The findings of this study demonstrate that salt stress
significantly inhibited the growth and biomass accumulation of tomato seedlings. However,
the exogenous application of AsA effectively improved plant growth characteristics under
salt stress by enhancing root vitality, as shown in Figure 1. These results are consistent with
earlier reports indicating that AsA can mitigate the adverse effects of salt stress on plant
biomass. Furthermore, we observed that exogenous AsA application to tomato seedlings
under salt stress increased endogenous AsA levels and the AsA/DHA ratio, as illustrated
in Figure 2.

Research has shown that the cellular redox state is an important factor in plants’ re-
sistance to abiotic stress [45]. Maintaining a high redox pool of AsA (AsA/DHA ratio) is
crucial for plants to scavenge excessive ROS and keep the thiol groups of soluble proteins
and membrane proteins in a reduced state. The results indicate that the exogenous applica-
tion of AsA can effectively promote the growth of tomato seedlings under salt stress, and is
positively correlated with endogenous AsA levels (Figure 9). The L-galactose pathway is
the main pathway for plants to synthesize AsA, and GalLDH and GalDH are key enzymes
in the final two steps of AsA synthesis in the L-galactose pathway. Studies in melon [46]
and tobacco [47] have found a close correlation between the content of endogenous AsA
and the activity and gene expression of GalLDH; a significant correlation between GalDH
activity and AsA content was found in shepherd’s purse and Arabidopsis [48]. Studies
on corn extracts have found that lycorine (LYC) is an effective inhibitor of GalLDH [49].
To further explore the role of AsA, we applied LYC under salt stress and found that the
activities and gene expression of GalLDH and GalDH in tomato seedlings were inhibited,
as were the endogenous AsA levels and AsA/DHA ratio (Figures 1 and 3). However,
after the exogenous application of AsA, the activities and gene expression of GalDH and
GalLDH were significantly increased (Figure 3). AAO is a key enzyme in the AsA oxidation
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metabolism pathway. When studying the salt tolerance of AAO transgenic plants, it was
found that under normal conditions, there was no obvious phenotype change in AAO over-
expressing and antisense transgenic plants compared to the control. However, under high
salt conditions, the germination and photosynthetic rates of the antisense AAO transgenic
plants were higher compared to those of the wild type and AAO overexpressing transgenic
plants. Furthermore, it was found that the H2O2 content in overexpressing transgenic
plants was the highest, while the AsA content was very low, indicating that inhibiting
the expression of the AAO gene can increase the salt tolerance of plants [50]. This study
found that salt stress led to a significant increase in AAO activity and gene expression
in tomato leaves, while the exogenous spraying of AsA significantly reduced the AAO
activity and downregulated AAO expression in tomato leaves under NaCl treatment and
NL treatment (Figure 3). These findings suggest that the exogenous AsA maintains a high
level of endogenous AsA and redox pool by altering the activities and gene expression
levels of enzymes involved in AsA synthesis and metabolism, thus protecting plants from
oxidative damage caused by salt stress (NaCl and NL treatments) and improving the salt
tolerance of tomato seedlings.

Plants maintain ion homeostasis in response to stress environments by reducing excess
Na+ (reducing Na+ uptake, promoting Na+ efflux, and compartmentalizing Na+) to enhance
salt tolerance. Na+ efflux and compartmentalization are active transport processes mainly
driven by the proton gradient generated by H+-ATPase and H+-PPase, and mediated
by Na+/H+ antiporters [51]. Besides Na+, Cl− efflux and compartmentalization are also
important salt tolerance mechanisms. Studies have shown that exogenous silicon can
reduce Na+ content in tomato seedling leaves, promote the uptake of K+, Ca2+, and Mg2+,
and increase the K+/Na+ and Ca2+/Na+ ratios in leaves by at least 2-fold [52]; exogenous
melatonin significantly increases the expression of SOS genes (SOS1, SOS2, and SOS3) in
plants under salt stress, reducing Na+ content in the aboveground parts and increasing
the K+/Na+ ratio [53,54]; exogenous boron, by upregulating the expression of CLC genes,
reduces Cl− uptake, alleviating the impact of NaCl stress on beet growth [55]. This study
found that salt stress disrupted ion homeostasis in tomato seedling roots and leaves,
resulting in the accumulation of Na+ and Cl−, while reducing the uptake of K+, Ca2+, and
Mg2+, affecting the absorption and transport ratios of ions in roots and leaves (Figures 4
and 5), and decreasing the expression of the SOS (SOS1, SOS2, and SOS3), HKT1;2, NHX
(NHX1, NHX2, and NHX3), CLC, and VP1 genes in seedling leaves (Figure 6). Similar
conclusions have been drawn in cabbage [56], cucumber [57], eggplant [58], and other
plants. However, spraying AsA under salt stress and NL treatment revealed that exogenous
AsA enhanced Na+ and Cl− efflux by upregulating the expression of SOS and CLC genes.
This treatment also promoted the accumulation of K+, Ca2+, and Mg2+, resulting in reduced
Na+/K+, Na+/Ca2+, and Na+/Mg2+ ratios. Additionally, it reduced Na+ selectivity in
aboveground parts while enhancing the selective absorption and transport capacity of K+,
Ca2+, and Mg2+ from roots to leaves (Figures 4 and 5). Regulating NHX gene expression
compartmentalized Na+ into vacuoles, a key mechanism for maintaining water absorption
in plants under salt stress. Regulating HKT gene expression recycles Na+ from transpiration
flow to avoid the excessive accumulation of Na+ in photosynthetic tissues. Upregulating
VP1 gene expression provides more driving force for ion transmembrane transport to
ensure the normal operation of Na+/H+ antiporters, thereby enhancing plant salt tolerance
(Figure 6).

Proline, as an osmoprotectant, membrane stabilizer, and ROS scavenger [59–62], and
exogenous AsA may have different regulatory patterns in plants under different abiotic
stresses, with Pro content increasing [63,64] or decreasing [65,66]. Kavi [67] proposed that
maintaining a dynamic balance of Pro under stress conditions is a necessary condition for
normal plant growth and development. Therefore, evaluating the resistance of plants to
abiotic stress by Pro content is of great significance. In this study, NaCl stress increased
the activity and gene expression of key enzymes in Pro synthesis pathways (P5CS and
OAT) in tomato seedling leaves while inhibiting the activity and transcription level of the
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rate-limiting enzyme in the Pro degradation pathway (ProDH), resulting in a significant
increase in Pro content in leaves, indicating that plants have initiated defense mechanisms
to resist osmotic stress caused by salt stress (Figures 7 and 8). This is consistent with studies
in papaya [68], cucumber [69], and tomato [70]. However, some studies have shown that
excess Pro not only fails to alleviate stress-induced damage but also exacerbates growth
inhibition under stress [71]. In this study, it was found that the exogenous spraying of the
inhibitor LYC dramatically increased Pro content in tomato seedling leaves under salt stress,
but the exogenous spraying of AsA reduced excess Pro content in leaves by reducing the
synthesis pathway of Pro and enhancing the degradation pathway of Pro, maintaining the
dynamic balance of Pro in plants, thereby enhancing the salt tolerance of tomato seedlings.

5. Conclusions

In conclusion, salt stress induces ion imbalance and osmotic stress in tomato seedlings,
severely affecting their growth. However, the application of exogenous AsA significantly
improves the growth characteristics of plants under salt stress conditions. The research
results indicate that exogenous AsA, by regulating the activity and gene expression levels
of enzymes related to endogenous AsA synthesis, increases the intracellular AsA content,
maintaining the intracellular redox state in a reduced state. Furthermore, exogenous AsA
also regulates the transcription levels of multiple ion transporters through the SOS pathway,
enhancing the plant’s selective absorption of K+, Ca2+, and Mg2+, thereby alleviating ion
imbalance caused by salt stress. Meanwhile, exogenous AsA alleviates osmotic stress by
regulating Pro synthesis and metabolism, enhancing the salt tolerance of tomato seedlings
(Figure 10).
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Abstract: Temperature and light are the key factors affecting the formation of tomato fruit quality
in greenhouse cultivation. However, there are few simulation models that examine the relationship
between tomato fruit quality formation and temperature and light. In this study, a model was
established that investigated the relationships between soluble sugar (SSC), organic acid content
(OAC), and SSC/OAC and the cumulative product of thermal effectiveness and photosynthetically
active radiation (TEP) during the fruit-ripening period in a solar greenhouse. The root mean square
error (RMSE) values were calculated to compare the consistency between the simulated and measured
values, and the RMSE values for SSC, OAC, and SSC/OAC were 0.09%, 0.14%, and 0.358, respectively.
The combined weights of quality indicators were obtained using the analytic hierarchy process (AHP)
and entropy weighting method, ranking as SSC > OAC > SSC/OAC > CI > lycopene > Vc > fruit
firmness. The comprehensive fruit quality evaluation value was obtained using the TOPSIS method
(Technique for Order Preference by Similarity to an Ideal Solution) and a simulation model between
comprehensive tomato fruit quality and TEP was explored. This study could accurately simulate and
quantify the accumulation of tomato fruit quality during fruit ripening in response to environmental
conditions in a solar greenhouse.

Keywords: tomato; fruit quality; light and temperature; simulation model; TEP

1. Introduction

Tomatoes are one of the most grown vegetables in the world, with a global annual
output of 170 million t. As one of the main production areas, China’s tomato-planting area
was 1.109 million hm2 in 2018, with a yield of 64.832 million t [1,2]. With the abundant
supply of vegetables, consumers increasingly demand high-quality vegetables. Tomatoes
have become one of the most popular vegetables because of their rich minerals, vitamins,
organic acids, essential amino acids, and other nutrients [3,4].

Environmental factors in the greenhouse are the key factors affecting the growth and
development of tomatoes. In recent years, with the global warming, extreme weather
events frequently occur, which have a serious impact on the growth, development, yield,
and quality of crops [5,6]. Temperature is one of the key environmental factors affecting
crop yield and quality; different crops have their optimum temperature ranges. High
temperatures cause accelerated ripening of tomatoes, so average harvested fruit weights
are often reduced [7,8]. Yield and quality are also affected by low temperatures and the fruit-
ripening time is prolonged when plants are grown at lower temperatures [9,10]. Changes in
daily temperature patterns may affect the growth and metabolism of plants and fruit, and
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ultimately affect fruit quality [11,12]. At high temperatures (30–35 ◦C), SSC increases, while
OAC decreases [13]. The biosynthesis of lycopene is strongly inhibited at temperatures
below 12 ◦C, while temperatures above 32 ◦C hinder this process and lead to a decrease in
its content [14,15], reaching a maximum concentration at 25 ◦C [16]. Studies have shown
that the vitamin C concentration is seen to increase when plants are high-temperature-
stressed at the flowering stage [17]. Light is the driving force of plant photosynthesis, and
the accumulation of photosynthetic assimilates is crucial to yield [18]. In addition, light
can affect plant transpiration by regulating the closure of leaf stomata, thus influencing
crop transport and growth [19,20]. A prolonged light treatment increases the starch and
sugar contents in tomato fruit, and promotes the synthesis of anthocyanins in apple fruit
skin and the accumulation of soluble sugars in apple flesh [21,22]. Extending the light
duration not only promotes fruit coloration, but also the accumulation of fruit sugar; the
appearance quality and fresh eating quality of fruit are significantly improved [23,24]. In
the life activities of plants, there is a complex interaction between temperature signals and
light signals, and temperature and light together affect the growth and development of
plants [25–27].

Greenhouse cultivation is one of the main methods for tomato production, but it often
faces problems such as high temperatures in summer and low temperatures and light
in winter, which seriously affects tomato yield and quality. The interaction of multiple
environmental factors affects the growth and development of tomatoes. With accumulating
solar radiation (CSR), cumulative heat unit (CHU), and steam pressure deficiency (VPD)
as variables, a multi-linear regression (MLR) method was used to establish a model for
fertility, flowers, and fruit [28]. Wu et al. (2021) established a relationship model of above-
ground biomass based on GDDs (growing degree days) and then analyzed the influence
of three irrigation regimes on greenhouse-grown tomatoes [29]. Correlations between
tomato seedling quality characteristics (root–shoot ratio, G value, and healthy indices) and
TEP (thermal effectiveness and photosynthetically active radiation) have been explored
to establish models [30]. Most previous studies have mainly focused on exploring the
optimal combination of temperature and light environments at the tomato seedling stage,
exploring the relationship between tomato growth and development and environmental
factors [31,32]. However, fruit quality is the main source of value of tomatoes and there are
few reports on the demand characteristics of environmental factors for fruit quality during
the fruit-ripening period.

Tomato fruit quality is a comprehensive concept that is the result of the joint ac-
tion of various quality indicators [33]. It mainly includes the appearance quality, taste
quality, and nutritional quality [34]. Soluble sugar and acid jointly determine the taste
quality of tomatoes [35]. Lycopene and Vc are the main nutrients in tomato fruit and have
many health benefits. Lycopene represents 80 percent of the carotenoids in tomatoes and
Vc has reducing and chelating properties, helping to enhance the body’s absorption of
iron [36,37]. The appearance quality of tomato fruit (color, size, etc.) is also an important
factor when determining the quality of tomato products. Many methods have been used to
evaluate tomato quality such as the analytic hierarchy process (AHP), principal component
analysis (PCA), Gray relational analysis (GAR), and entropy method as well as TOPSIS
(Technique for Order Preference by Similarity to Ideal Solution) [38,39]. However, some
methods are influenced by subjective factors and others are evaluated based on raw data,
resulting in inaccurate results. Therefore, a combination of multiple evaluation methods
can obtain more accurate evaluation results. Based on GAR and PCA, a comprehensive fruit
quality grade was calculated using the combined evaluation method [34]. By combining
the weights of AHP and the entropy method to obtain combined weights and using a
multi-level fuzzy evaluation to obtain comprehensive evaluation indicators, a multi-factor
regulation model of water and fertilizer for the comprehensive growth of cherry tomatoes
was constructed [40]. The combined weights were obtained by combining AHP and the
entropy method weights using game theory and TOPSIS was used to comprehensively
evaluate different experimental treatments. Thus, a multi-factor coupled regulation model
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was constructed for a greenhouse environment based on the comprehensive growth of
cherry-tomato seedlings [32].

In this study, we planted 10 batches of tomatoes throughout the first and second half
of the year in a solar greenhouse with natural environmental conditions. The relationship
between the appearance quality, taste quality, and nutritional quality of tomato fruit and
temperature and light conditions was analyzed. A suitable range of temperature and light
conditions for tomato ripening was determined. A model was established that examined
the relationships between soluble sugar (SSC), organic acid content (OAC), and SSC/OAC
in tomato fruit and the cumulative product of TEP during the fruit-ripening period in a
solar greenhouse. A comprehensive evaluation analysis was also performed. Our results
uncovered the demand characteristics of temperature and light environments during the
fruit-ripening period, providing a theoretical basis for the production of high-quality
tomatoes in a solar greenhouse.

2. Materials and Methods
2.1. Plant Materials and Growth Conditions

Tomato cultivation was conducted in the solar greenhouse of the Science and Tech-
nology Innovation Park of Shandong Agricultural University. ‘Kaideyali 1832’, one of the
commonly used cultivated tomato varieties in Shandong Province, China, was selected as
the experimental material. The planting dates are shown in Table 1. A Yamasaki tomato
nutrient solution was selected for fertilizer and water management using a regular drip
irrigation of water and fertilizer integrated machine [41].

Table 1. Dates of tomato planting.

Planting Dates Planting Date

T1 18 March 2021 T6 13 August 2021
T2 30 March 2021 T7 28 August 2021
T3 13 April 2021 T8 8 September 2021
T4 25 April 2021 T9 19 September 2021
T5 8 May 2021 T10 30 September 2021

2.2. Measurements
2.2.1. Meteorological Data

Environmental data such as temperature and solar radiation in the solar greenhouse
were automatically collected by “Shennong IOT” equipment, developed by the Big Data
Center of Shandong Agricultural University. In total, 6 sensors were evenly distributed in
the solar greenhouse. Their positions were set at the tomato apexes and the middle of the
canopy, and the data were uploaded every 5 min.

Temperature and solar radiation are the two most important factors for tomato fruit
development. To consider the combined effect of the two factors, we employed the concept
of an accumulated production of photosynthetically active radiation and relative thermal
effectiveness (TEP). TEP can be calculated as follows [42].

RTE =





0 (T < Tb)
(T − Tb)/(Tab − Tb) (Tb ≤ T < Tab)

1 (Tab ≤ T ≤ Tou)
(Tm − T)/(Tm − Tou) (Tou < T ≤ Tm)

0 (T < Tm)

(1)

HTEP = RTE × PAR × 3600 × 10−6 (2)

DTEP = ∑(HTEP) (3)

TEP(i+1) = TEP(i) + DTEP(i) (4)
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In Formula (1), T is the average temperature per hour (◦C), Tb is the lower critical
growth temperature (◦C), Tob is the lower critical optimum temperature (◦C), Tou is the
higher critical optimum temperature (◦C), and Tm is the higher critical temperature (◦C).
During the fruit-ripening period, Tb = 15 ◦C, Tob = 22 ◦C, Tou = 28 ◦C, and Tm = 35 ◦C.

In Formula (2), HTEP is the hourly production of thermal effectiveness and PAR is
MJ/(m2 h).

In Formula (3), DTEP is the daily production of thermal effectiveness and PAR is
MJ/(m2 d).

In Formula (4), TEP(i) is TEP after day i in MJ/m2 and TEP(i+1) is TEP after i + 1 day in
MJ/m2.

2.2.2. Fruit Quality Parameters

In the second half of the year, tomatoes were collected at 5-day intervals from the time
of color change until they were fully ripe (red) and 4 tomatoes of a uniform size and free
from external pests and diseases were randomly selected at each time for the determination
of fruit quality indicators. First, the color index was measured and then the fruit firmness
was measured. Finally, the fruit was crushed with a sampler, quickly frozen with liquid
nitrogen, and stored in an ultra-low-temperature refrigerator (−80 ◦C) to determine the
biochemical indicators.

Appearance Quality Parameters

A digital fruit hardness tester (STEP Systems GmbH, Nuremberg, Germany) was used
to measure the hardness of tomatoes. The color difference value was measured using
a color difference meter (NR110; Shenzhen Tianyouli Standard Light Source Co., Ltd.,
Shenzhen, China). Three measurement points (evenly distributed) were selected in the
tomato equatorial direction and the average value of the three measurement points was
used as the CIE color space index of tomato fruit. L* represented black and white, a*
represented red and green, and b* represented yellow and blue. It was then converted into
a fruit color index (CI) [34].

CI = 2000 × a/(L∗(a∗2 + b∗2)
0.5
) (5)

Taste Quality Parameters

The soluble sugar content (SSC) was measured using the anthrone–sulfuric acid
colorimetric method. Organic acid content (OAC) was titrated using a 0.1 M NaOH
solution [43].

Nutrient Quality Parameters

Lycopene was measured using the spectrophotometric method. The vitamin C content
(Vc) was measured using the 2, 6-dichloroindophenol titration method [43].

2.3. Comprehensive Evaluation Method of Tomato Fruit Quality

A hierarchical model for a comprehensive evaluation model of tomato fruit quality
was established (Figure 1). All fruit quality indicators were divided into appearance quality,
taste quality, and nutritional quality, which constituted the criterion layer. All secondary
indicators were classified and recorded as sub-factors, which together constituted the
scheme layer, including the fruit color index, firmness; SSC, OAC, SSC/OAC, lycopene,
and Vc.

2.3.1. Determination of Factor (Subjective) Weights via AHP

The analytic hierarchy process (AHP) is a technique and method that combines quan-
titative and qualitative methods to calculate decision weights to solve complex multi-factor
problems. The method establishes a judgment matrix by measuring the relative importance
of multiple factors, transforms the problem into the relative importance of comparative
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indicators, and determines the weight of each factor and sub-factor of the hierarchical
model by quantitatively comparing each indicator. The indicator values in the judgment
matrix are determined using a scale from 1 to 9 [40,44].
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2.3.2. Determination of Sub-Factor (Objective) Weights Using the Entropy Method

The entropy method is often used to determine the objective weight of an index.
The greater the amount of information contained in the data, the smaller the entropy,
indicating that the index has a greater impact on a comprehensive evaluation the higher
the weight [36]. For the calculation of sub-factor weights using the entropy method, the
measured data of the sub-factor set were initially standardized as follows:

rij =
(
Xij − min

{
Xij

})
/
(
max

{
Xij

}
− min

{
Xij

})
(i = 1, 2, 3, . . . , n; j = 1, 2, 3, . . . , m) (6)

where rij donates the standardized value. Subsequently, the specific gravity of these indices
could be calculated as follows:

Pij = rij/∑n
i=1 rij (7)

The i-th factor and j sub-factor information entropy (ej) were defined as:

ej = − 1
ln n∑n

i=1 pijln pij (8)

Finally, the weight (wij) of the j sub-factor was determined as follows:

wij =
(
1 − ej

)
/
(
∑m

j=1

(
1 − ej

))
(9)

2.3.3. Calculation of Combined Weights

Combined weights were obtained by multiplying the factor (subjective) weights
obtained from AHP and the sub-factor (objective) weights obtained from the entropy
method.

2.3.4. Comprehensive Evaluation Based on TOPSIS

The TOPSIS method is a commonly used comprehensive evaluation method that
can make full use of original data information to accurately reflect the advantages and
disadvantages of each scheme.

After data standardization, a weighted decision matrix (Z) based on combination
weights was established as follows:

z = rijwij (10)

where rij represents the measured data after standardization and wij represents the compre-
hensive weights based on game theory.
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Then, the optimal and worst vectors constituted by the maximum and minimum
values of each column of the weighted decision matrix were denoted as:

Z+ = (Zmax1, Zmax2, · · ·Zmaxn) (11)

Z− = (Zmin1, Zmin2, · · ·Zminn) (12)

where Z is the weighted decision matrix.
The distance between the weighted decision matrices Z+ and Z− (D+ and D−) was

calculated and, finally, the similarity of the i-th factor (Cj) was calculated.

D+
i =

√
∑m

j=1

(
Z − Z+

j

)2
(13)

D−
i =

√
∑m

j=1

(
Z − Z−

j

)2
(14)

Ci = D−
i /

(
D+

i + D−
i
)

(15)

2.4. Evaluation of Simulated Performance

In this study, the root mean square error (RMSE) was used to evaluate the reliability
of the model. RMSE represents the relative error and absolute error between measured
and simulated values, respectively [45]. The smaller the RMSE value, the higher the
consistency between the simulated value and the measured value, indicating that a model
can accurately and reliably predict results.

RMSE =

√
∑n

i=1(SIMi − OBSi)
2

n
(16)

where OBSi represents the measured data, SIMi represents the predicted data, and n refers
to the number of samples.

2.5. Statistical Analysis

The experimental data were processed using Excel 2010. The weight of the entropy
method was calculated using Python. The weight of AHP and the TOPSIS analysis were
calculated using DPS.

3. Results
3.1. Environmental Data and Growth Characteristics of Tomato Quality
3.1.1. Variations in Environmental Factors in the Solar Greenhouse throughout the Year

In order to understand the variations in temperature and light conditions in the
solar greenhouse, we monitored environmental changes in real time from March 2021 to
February 2022. As shown in Figure 2a, the daily mean air temperature increased from
17.62 ◦C in March 2021 to 33.99 ◦C in July and August 2021, then decreased to 10.75 ◦C
in January 2022. The average temperature was above 18 ◦C in July and August, and the
night temperature was above 15 ◦C from May to September. The durations of the daytime
temperatures > 30 ◦C and night-time temperatures > 22 ◦C gradually increased, reaching a
maximum in July before gradually decreasing. The longest durations of the most suitable
daytime temperatures (18–30 ◦C) and night-time temperatures (15–22 ◦C) for tomato
development were in April, September, and October, while the shortest were in July
(Table S1).

As shown in Figure 2b, there were daily fluctuations in solar radiation throughout
the tomato cultivation period. Significant solar radiation was recorded in the first half
of the year, fluctuating around 9 MJ·m2·d−1; in the second half of the year, solar radia-
tion decreased from August to the end of October, then remained stable (approximately
8 MJ·m2·d−1). This may have been caused by the shorter duration of daylight in winter
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and the covering of insulation at night. The average monthly sunshine hours increased
and then decreased throughout the year, with June and July having the longest sunshine
hours at 13.00 h and 13.45 h, respectively. January had the shortest average daylight hours
at 7.65 h (Table S2).
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Figure 2. Variations in temperature (a) and solar radiation (b) in a solar greenhouse throughout the
year. Temp.mean represents the average daily temperature, Temp.day represents the average daytime
temperature, and Temp.night represents the average night-time temperature.

3.1.2. Tomato Fruit Quality at Different Planting Periods

In order to explore suitable temperature and light environment ranges for fruit quality
formation during the ripening period, we planted 10 batches of tomatoes throughout
the first and second half of the year in a solar greenhouse with natural environmental
conditions (Table 1). The results showed that there was no significant difference in the color
indices and SSC of tomatoes from different planting batches, while significant differences
were found in OAC, Vc, lycopene, and fruit firmness (Table 2). As a single index cannot
reflect the comprehensive quality of tomatoes, we conducted a comprehensive evaluation
and analysis. Based on AHP and the entropy weight method, the comprehensive weights
of the fruit quality indicators were obtained (Table 3). The TOPSIS method was used to
obtain the comprehensive evaluation value of the tomatoes. The results showed that T6
had the highest comprehensive quality and the appropriate temperature and light ranges
for the tomato fruit-ripening period were determined (Table 4).
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Table 3. Weight of tomato fruit quality at red-ripening stage.

Factor wQ1 wQ2 wQ3

Sub-Factor wQ11 wQ12 wQ21 wQ22 wQ23 wQ31 wQ32

0.158 0.680 0.162
0.457 0.543 0.320 0.519 0.161 0.426 0.574

Weight 0.072 0.086 0.218 0.353 0.109 0.069 0.093

Table 4. Optimum range of environmental factors at fruit-ripening stage.

Daily Mean
Temperature (◦C)

Daytime Mean
Temperature (◦C)

Night-Time Mean
Temperature (◦C) PAR (µmol·m−2·s−1) Insolation Duration

(h·d−1)

18.69 ± 1.35 26.30 ± 2.67 14.30 ± 1.21 592.34 ± 88.74 9.86 ± 0.94

3.2. Development of the Simulation Model for Tomato Quality
3.2.1. Development of Tomato Quality Indices

In the first half of the year, at the red-ripening stage, there was no significant change
in color values with the extension of the planting period (from T1 to T5). SSC, Vc, and
lycopene slightly declined; OAC and fruit firmness slightly increased (Table 2). In the
second half of the year, the tomato fruit quality indicators of five planting times were
collected every 5 days from the completion of fruit expansion, including green-ripening
stage (GM), veraison stage (V), and red-ripening stage (RR). The fruit quality indices are
shown in Table 5. With a delay in planting, the duration tended to be longer in the veraison
stage during fruit-ripening periods. a*, SSC, Vc, and lycopene significantly increased
from mature green to red-ripening; L*, b*, OAC, and fruit firmness significantly declined.
Therefore, the relationship between tomato quality and temperature and light was further
investigated based on the data collected in the second half of the year.

Table 5. Quality indices of tomatoes during fruit-ripening period and the corresponding TEP.

Treatments Stages T6 T7 T8 T9 T10

TEP

GM 249.70 232.49 248.64 245.40 260.16
V1 267.65 247.68 258.81 260.16 266.53
V2 269.87 266.53 271.29
V3 280.41 271.29 276.58
RR 283.39 263.97 290.10 276.58 278.11

L*

GM 47.02 ± 1.84bcd 48.83 ± 1.81ab 48.19 ± 1.20bc 46.69 ± 1.06cde 45.58 ± 1.85def
V1 45.10 ± 3.58ef 44.38 ± 3.53fg 50.07 ± 2.22a 46.48 ± 2.62cde 47.58 ± 3.26bc
V2 47.36 ± 1.98bcd 47.90 ± 1.29bc 43.78 ± 2.23fgh
V3 42.19 ± 1.12hij 44.65 ± 1.71f 42.86 ± 1.95ghi
RR 41.30 ± 2.08ijk 40.69 ± 1.64jkl 40.72 ± 1.62jkl 39.58 ± 1.19kl 38.99 ± 1.15l

a*

GM −6.54 ± 0.62g −6.95 ± 0.95g −6.64 ± 0.43g −6.49 ± 0.58g −6.63 ± 0.64g
V1 7.30 ± 5.05d 12.14 ± 3.30c −6.98 ± 0.87g −6.41 ± 1.12g −5.17 ± 1.09g
V2 −2.29 ± 1.14f −0.09 ± 2.03e 7.84 ± 1.98d
V3 17.73 ± 2.12a 11.77 ± 2.84c 16.58 ± 1.76ab
RR 16.74 ± 2.06ab 17.67 ± 1.93a 17.75 ± 2.64a 15.38 ± 2.46b 17.90 ± 1.21a

b*

GM 22.51 ± 1.69abc 23.30 ± 1.79ab 23.19 ± 2.15ab 20.65 ± 2.39cde 20.35 ± 2.24de
V1 19.23 ± 2.37e 16.34 ± 2.94f 23.73 ± 1.96a 20.73 ± 2.81cde 21.64 ± 2.44bcd
V2 24.53 ± 3.41a 23.26 ± 3.22ab 15.38 ± 1.64fg

V3 14.74 ± 1.61fgh 14.51 ± 1.80fgh 14.27 ± 1.95gh
RR 13.99 ± 2.63gh 14.27 ± 1.39gh 15.16 ± 2.63fg 12.91 ± 1.12h 13.52 ± 1.29gh

CI

GM −11.94 ± 1.75hi −11.77 ± 0.92hi −11.51 ± 8.48hi −12.91 ± 3.38hi −13.69 ± 4.85i
V1 15.23 ± 1.80e 27.27 ± 1.62c −11.29 ± 1.11hi −12.93 ± 4.04hi −9.84 ± 2.66h
V2 −3.89 ± 2.80g −0.40 ± 3.54f 20.49 ± 2.83d
V3 36.34 ± 2.05b 27.87 ± 4.60c 35.42 ± 3.01b
RR 37.16 ± 1.39b 38.24 ± 9.84ab 37.34 ± 1.78b 38.71 ± 3.35ab 40.93 ± 1.63a
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Table 5. Cont.

Treatments Stages T6 T7 T8 T9 T10

SSC (g/100 g)

GM 2.60 ± 0.12f 2.57 ± 0.24f 2.59 ± 0.12f 2.61 ± 0.10ef 2.85 ± 0.26bcdef
V1 2.86 ± 0.18abcde 2.80 ± 0.03bcdef 2.69 ± 0.12def 2.81 ± 0.20bcdef 2.93 ± 0.14abcd
V2 2.79 ± 0.16cdef 2.84 ± 0.22bcdef 2.95 ± 0.18abcd
V3 3.05 ± 0.09abc 2.85 ± 0.11bcdef 3.06 ± 0.34abc
RR 3.17 ± 0.16a 3.10 ± 0.25ab 3.09 ± 0.04abc 3.00 ± 0.22abc 3.15 ± 0.06a

OAC (g/100 g)

GM 0.69 ± 0.05cde 0.80 ± 0.01a 0.78 ± 0.03ab 0.73 ± 0.13bc 0.71 ± 0.02cd
V1 0.64 ± 0.03efg 0.67 ± 0.04de 0.70 ± 0.02cd 0.59 ± 0.03fghi 0.65 ± 0.01def
V2 0.60 ± 0.03fgh 0.55 ± 0.01hijk 0.60 ± 0.03fgh
V3 0.56 ± 0.02hij 0.54 ± 0.01ijk 0.57 ± 0.03hij
RR 0.50 ± 0.03k 0.59 ± 0.02ghi 0.52 ± 0.01jk 0.53 ± 0.02jk 0.54 ± 0.03hijk

SSC/OAC

GM 3.76 3.21 3.32 3.56 4.01
V1 4.49 4.20 3.85 4.72 4.51
V2 4.65 5.16 4.93
V3 5.44 5.30 5.39
RR 6.34 5.25 5.94 5.66 5.82

Vc (mg/100 g)

GM 16.15 ± 0.53e 16.95 ± 0.50e 16.85 ± 0.53e 15.30 ± 1.64e 17.35 ± 0.90e
V1 26.25 ± 0.30bc 24.00 ± 1.23c 20.85 ± 3.92d 20.05 ± 0.62d 26.10 ± 0.82bc
V2 25.90 ± 0.77bc 28.30 ± 2.61b 28.15 ± 1.62b
V3 31.65 ± 0.25a 31.65 ± 0.82a 31.60 ± 1.40a
RR 32.90 ± 0.76a 31.20 ± 4.07a 32.60 ± 1.13a 32.25 ± 0.57a 31.60 ± 1.62a

Lycopene (mg/kg)

GM 4.40 ± 0.22i 4.18 ± 0.22i 6.75 ± 0.46h 7.32 ± 0.13gh 6.84 ± 0.53h
V1 9.90 ± 2.91ef 11.44 ± 0.90e 6.93 ± 0.58h 7.23 ± 0.11gh 7.93 ± 0.52gh
V2 10.90 ± 0.56e 8.96 ± 0.81fg 10.26 ± 0.32ef
V3 21.89 ± 3.80a 16.37 ± 0.26c 13.78 ± 0.58d
RR 22.72 ± 0.65a 22.37 ± 0.38a 22.32 ± 1.81a 20.08 ± 1.17b 17.79 ± 0.90c

Fruit firmness
(kg/cm2)

GM 13.53 ± 1.50bc 15.39 ± 0.92a 15.03 ± 0.27a 14.99 ± 0.53a 14.64 ± 0.77ab
V1 10.18 ± 1.12e 11.57 ± 0.90d 13.68 ± 0.49bc 13.53 ± 0.59bc 13.57 ± 1.05bc
V2 8.76 ± 1.14fg 13.10 ± 0.59c 12.46 ± 1.47cd
V3 7.45 ± 0.98hi 8.78 ± 1.08fg 9.82 ± 2.83ef
RR 6.77 ± 1.04j 8.03 ± 1.51gh 6.60 ± 0.33ij 7.35 ± 0.36hi 8.33 ± 1.23gh

Notes: GM, V, and RR represent the green mature stage, the veraison stage, and the red-ripening stage, respectively.
Different letters represent significant differences at p < 0.05 level.

We conducted a correlation analysis between the tomato quality and TEP, which was
calculated using Equations (1)–(4). As shown in Table 6, there was a positive correlation
between TEP and SSC/OAC (r = 0.917), SSC (r = 0.869), lycopene (r = 0.774), and Vc
(r = 0.869). TEP was negative correlated with OAC (r = −0.897), and there were high and
moderate correlations between TEP and fruit firmness (r = −0.823) and CI (r = 0.709). The
effects of TEP on SSC, OAC, the sugar–acid ratio, and Vc were stronger than those of
lycopene and fruit firmness. The SSC, OAC, and SSC/OAC of tomato fruit are the main
components of taste quality and the main source of the tomato commodity value. Therefore,
a tomato quality (SSC, OAC, and SSC/OAC) simulation model was constructed based on
TEP to predict the effects of temperature and light on the tomato quality.

Table 6. Correlation coefficients (r) for tomato fruit quality and TEP.

CI SSC OAC SSC/OAC Lycopene Vc Fruit Firmness

TEP 0.709 ** 0.869 ** −0.897 ** 0.917 ** 0.774 ** 0.869 ** −0.823 **

Notes: ** indicates significant levels at p < 0.01.

3.2.2. Development of the Simulation Model for Tomato Fruit Single-Quality Indices

We established a simulation model based on TEP for the quality of tomatoes during
fruit-ripening periods that included SSC, OAC, and SSC/OAC (Table 7). TEP was obtained
using Formulas (1)–(4) to process the environmental data. The analysis showed that the
relationship between SSC and TEP was consistent with the change in the logarithmic
function curve and R2 was 0.750. The relationship between OAC and TEP conformed to
the first-order function and R2 was 0.808. The sugar–acid ratio changed with TEP in the
logarithmic function curve and R2 was 0.833.
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Table 7. Simulation model of tomato fruit quality index based on TEP.

Fruit Quality Model Equations a b R2 RMSE

SSC SSC = aln X + b 0.031 0.139 0.750 0.09%
OAC OAC = aX + b −5 × 10−5 0.021 0.808 0.14%

SSC/OAC y = aln X + b 14.989 −78.874 0.833 0.358

Note: X is TEP (MJ/m2); a and b are parameters of the equation. RMSE is the root mean square error.

In order to determine the accuracy of the model, the simulated values were calculated
using the equation and compared with the measured values by calculating the RMSE.
The results showed that the RSME value of the simulated models for SSC was 0.09%;
this indicated that the model had high simulation accuracy and the variation trend of the
simulated and measured values was the same (Figure 3A). The OAC simulation value
had a large deviation from the measured value and the RMSE value was higher (0.14%),
indicating that the model had moderate simulation accuracy (Figure 3B). The RSME value
of the simulated models for the sugar–acid ratio was 0.358; this indicated that the model
had high simulation accuracy (Figure 3C).
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3.2.3. Development of the Simulation Model for Tomato Comprehensive-Quality Indices

Tomato fruit quality is a comprehensive concept that is the result of the joint action
of various quality indicators [33]. In order to evaluate tomato fruit quality using TOPSIS,
the weight of factor (wi) in the first layer and the weight of sub-factor (wij) in the second
layer were calculated using AHP and the entropy method, respectively. These two sets of
weights were then merged together (Table 8).

Table 8. Weight of tomato fruit quality during the fruit-ripening periods.

Factor wQ1 wQ2 wQ3

Sub-Factor wQ11 wQ12 wQ21 wQ22 wQ23 wQ31 wQ32

0.158 0.680 0.162
0.628 0.372 0.335 0.374 0.290 0.567 0.432

Weight 0.099 0.059 0.228 0.254 0.197 0.092 0.070
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After obtaining the comprehensive weight of each quality index of tomato fruit,
TOPSIS was used to calculate the comprehensive value of tomato fruit quality during
the fruit-ripening periods (Table 9). The higher the comprehensive evaluation value, the
higher the quality, indicating that the environmental parameters of the treatment were
more conducive to obtaining high-quality tomatoes.

Table 9. The tomato comprehensive-quality indices based on TOPSIS.

The Green Mature Stage The Veraison Stage The Red-Ripening Stage

T6 0.120 0.458 0.953
T7 0.028 0.531 0.799
T8 0.065 0.145 0.346 0.831 0.920
T9 0.098 0.275 0.409 0.720 0.870
T10 0.151 0.254 0.546 0.733 0.852

The simulation model was obtained by analyzing the relationship between the com-
prehensive evaluation value of fruit and TEP as follows (R2 = 0.757):

y = 1.189/(1 + exp(−0.036(TEP − 271.359))) (17)

where y is the comprehensive fruit quality evaluation value and 1.189, 0.036, and 271.359
are the parameters of the equation.

The RMSE value was 0.154, which showed that the simulation model provided
medium precision (Figure 4).
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4. Discussion

With the progress of tomato-planting technology, the yield of tomatoes has greatly
improved. In recent years, high-quality tomatoes have gradually become the main target of
market demand. In greenhouse cultivation, the environment is a key factor influencing the
formation of tomato fruit quality and clarifying the relationship between environmental
factors and the formation of quality is fundamental to achieve high-quality, high-yield
tomatoes. Mathematical modeling has been used to describe the characteristics of crop
growth. Establishing a growth model can help to better understand the responses of crops
to their environment and improve the efficiency of agricultural production [46]. In this
study, the relationship between fruit quality and environmental factors was studied.

A number of studies have shown that temperature and light stress can reduce quality
formation in tomatoes, including high and low temperatures as well as strong and weak
light [13–15,22]. However, a greenhouse environment is a multi-variable, highly coupled,
and complex system. The regulation of environmental factors differs from the superposition
of single factors [32]. There were significant differences in the quality of tomato fruit
between the different planting periods (Table 2). This indicates that there is an association
between environmental factors and tomato quality formation.

Previous studies have focused on analyzing the relationship between environmental
factors and crop growth, and then have developed models to effectively predict crop
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growth, yield, and the duration of growth stage under different environmental conditions
such as temperature and light, providing decision-making support for the environmental
management of crop growth [28,30,47–49]. For example, a leaf area model was established
based on the TEP method that uncovered the difference in plant growth caused by different
light/dark cycle patterns from a physiological perspective [47]. However, there are fewer
studies on the relationship between tomato fruit quality and environmental factors. In
addition, previous crop simulation models mostly adopted single environmental factors
such as GDD. However, GDD can only describe the effect of the lower growth-limit
temperature and the upper growth-limit temperature on crop growth and development; it
does not involve the effects of the photoperiod or high temperature on the retardation of
development. Therefore, GDD is more suitable for field crops because the changes in field
temperature and solar radiation are basically synchronous. In a cultivation facility, changes
in environmental factors are not always synchronized due to heating, cooling, and the
uncovering of insulation, so a simulation is less accurate when using a single environmental
factor [50,51]. It is necessary to use a comprehensive index based on light and temperature
to establish a simulation model [30,52]. The TEP method takes into account both air
temperature and light, and can be used to build effective, simple models. In this study,
based on the results of a correlation analysis, we established a simulation model for the
fruit quality response based on TEP. The results showed that the SSC, OAC, and SSC/OAC
of fruit quality in the fruit-ripening period were highly significantly correlated with TEP
and the simulation accuracy was high (Table 7; Figure 3).

According to the model results of the different indicators we established (Table 5), it
was found that the change trend of different quality indices was not consistent, indicating
that it was difficult to achieve the optimal conditions of each index by adjusting the envi-
ronmental factors. He et al. (2022) adopted a design of composite quadratic orthogonal
regressive rotation with three factors and five levels, including temperature, relative hu-
midity (RH), and photosynthetically active radiation (PAR), and established the response
models of growth indicators (seedling index, dry-matter accumulation, net photosynthetic
rate, transpiration rate, and chlorophyll content) for multiple environmental factors. The
results showed that the most suitable environmental parameters of the five indicators were
not consistent. It is clear that no single indicator can effectively reflect the growth of plants
or the quality of fruit, so a comprehensive evaluation analysis is necessary. Here, the sub-
jective and objective weights of all the quality indices were obtained based on AHP and the
entropy method. Combining human subjective judgement and the objective information
from index data can reflect the comprehensive quality of tomatoes during the fruit-ripening
period in a more reasonable way [32,33,40]. This study comprehensively evaluated the
fruit quality of tomatoes at different planting periods during the fruit-ripening period.
The results showed that the optimal daily mean temperature during fruit ripening was
18.69 ± 1.35 ◦C, the daytime mean temperature was 26.30 ± 2.67 ◦C, the night-time mean
temperature was 14.30 ± 1.21 ◦C, and PAR was 592.34 ± 88.74 µmol·m−2·s−1, with a
sunshine duration of 9.86 ± 0.94 h·d−1 (Table 4). Then, we established a simulation model
of comprehensive tomato fruit quality based on TEP using a regression analysis. The results
showed that the comprehensive-quality formation model of tomato fruit at a mature stage
based on TEP was moderately accurate (R2 = 0.757).

5. Conclusions

This study was carried out in the natural environmental conditions of a greenhouse.
In total, 10 batches were grown within the range of environments in which tomatoes can
be effectively grown, covering the environmental conditions that may be faced during the
cultivation of tomatoes. Based on the correlation analysis between tomato fruit quality and
environmental factors and the results of the integrated weighting of each quality index,
the main quality indicators, including SSC, OAC, and SSC/OAC, were selected. A model
was established to investigate the relationships between SSC, OAC, and SSC/OAC in
tomato fruit and TEP during the fruit-ripening period in a solar greenhouse. The model
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was validated and the results indicated that the model had a high level of simulation
accuracy. At the same time, based on a comprehensive evaluation analysis, a TEP-based
comprehensive fruit quality formation model was established. The model was validated
and the results indicated that the model had moderate simulation accuracy. This study
provides decision-making support for the management of temperature and light in a
heliostat during tomato ripening.
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Abstract: Graft healing is a complex process affected by environmental factors, with temperature
being one of the most important influencing factors. Here, oriental melon grafted onto pumpkin
was used to study changes in graft union formation and sugar contents at the graft interface under
night temperatures of 18 ◦C and 28 ◦C. Histological analysis suggested that callus formation occurred
3 days after grafting with a night temperature of 28 ◦C, which was one day earlier than with a night
temperature of 18 ◦C. Vascular reconnection with a night temperature of 28 ◦C was established
2 days earlier than with a night temperature of 18 ◦C. Additionally, nine sugars were significantly
enriched in the graft union, with the contents of sucrose, trehalose, raffinose, D–glucose, D–fructose,
D–galactose, and inositol initially increasing but then decreasing. Furthermore, we also found that
exogenous glucose and fructose application promotes vascular reconnection. However, exogenous
sucrose application did not promote vascular reconnection. Taken together, our results reveal that
elevated temperatures improve the process of graft union formation through increasing the contents
of sugars. This study provides information to develop strategies for improving grafting efficiency
under low temperatures.

Keywords: temperature; melon; healing process; anatomical; sugar

1. Introduction

In vegetable crops, grafting has been commonly used for counteracting adverse culti-
vation situations, including temperature changes, organic pollutants, heavy metals, high
salinity, drought, insect pests, and soil-borne pathogens [1,2]. Grafting is considered to be a
cost-effective and environmentally friendly operation. In addition, this technique improves
fruit yield and productivity by enhancing water use efficiency and nutrient uptake [3].
Worldwide, a high percentage of grafted Cucurbitaceae and Solanaceae vegetables has been
widely applied in agricultural practice [4]. However, environmental stress at the graft
union formation stage leads to a low survival rate.

It is widely recognized that the successful healing of rootstocks and scions is a crucial
prerequisite for the cultivation of grafted seedlings. Successful grafting, involving the
initial adhesion of scion and rootstock, callus tissue formation, and vascular reconnection,
depends on internal factors, including hormones, sugars, and the developmental stage, but
also on external factors, such as temperature, humidity, light, and culture methods [5–7].
Optimizing environmental factors during the healing and acclimatization stages is essential
to produce high-quality grafted seedlings. One notable factor is temperature, which
influences the growth rate of the plant, the rate of wound healing, and regeneration. In
Walnut, the graft success rate increased from 6% to 73% with localized heating [8]. In
Arabidopsis, raising the healing temperature from 22 ◦C to 27 ◦C speed up grafting and
vascular reconnection by approximately 25% [9]. In tomato, the tensile strength of the graft
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union was greatly improved when the stored temperature of the graft union ranged from
23 ◦C to 27 ◦C [10].

Melon (Cucumis melo L.) is an important horticultural crop that belongs to the Cucur-
bitaceae family. In China, melon plants are mainly grafted during in early spring, when
plants often suffer from low temperatures. The night healing temperature decreases to
12 ◦C, which results in a wider gully between the rootstock and scion cut surface and delays
the differentiation of vascular tissue, leading to unsuccessful graft union formation [11].
The optimal healing temperature ranges from 22 ◦C to 28 ◦C [12,13]. In agricultural practice,
heating is necessary to ensure the high survival rate of the grafted seedlings. However,
heating is interlinked with energy consumption and has economic impacts. So, understand-
ing how temperature regulates the biological processes during graft union formation under
low-temperature conditions is crucial to achieve a sustainable agricultural system.

Sugars are active and essential during graft union formation [14]. Sugars, in addition
to their fundamental roles as carbon and energy sources, also act as signaling molecules to
regulate gene expression. Almansa [15] found that the graft healing ability of macadamia
nuts was influenced by the carbohydrate content of the scion. Marsch-Martínez [16] found
that adding 0.5% sugar to the grafting medium resulted in faster recovery after grafting
and a higher graft success rate compared to plants with 0% sugar. However, the function of
carbohydrates in graft union formation under low temperatures has not yet been studied.

To reduce the impact of external environmental factors and improve the healing
efficiency of melon grafted plug seedlings, we performed an anatomical analysis and
integrated metabolic analysis to observe the cellular and metabolite changes that occur
during graft union formation. Furthermore, the application of exogenous glucose, fructose,
or sucrose demonstrated that glucose and fructose play important roles in melon graft
union formation under low night temperatures. These results provide information to
develop strategies for improving grafting techniques, as well as scientific instruction for
the sensible and efficient management of grafted melon seedlings.

2. Results
2.1. Anatomical Observation during Graft Union Formation

Graft healing formation was divided into the following three recognizable develop-
mental stages: the isolated layer (IL) stage, the callus (CA) stage, and the vascular bundles
(VBs) stage (Figure 1A,D). To investigate the effect of night temperature treatment on graft
healing, we conducted a paraffin section test. At 2 DAG, a thin and deep-staining isolation
layer was observed. The results show that low temperatures did not affect the formation
of an isolated layer. With graft junction development, the isolation layer gradually disap-
peared. Callus tissue (CA) provides a pathway for communication between the scion and
stock. The graft junction under a night temperature of 28 ◦C formed callus tissue at 3 DAG
(Figure 1E), whereas callus formation under a night temperature of 18 ◦C was observed
at 4 DAG (Figure 1B). Vascular connection between the grafted partners was a mark of
grafting success. At 6 DAG (Figure 1F), the graft junction under a night temperature of
28 ◦C formed vascular bundles (VBs), and new vascular bundle formation under a night
temperature of 18 ◦C occurred at 8 DAG (Figure 1C). The results suggest that the healing
process of oriental melon scion grafted onto pumpkin rootstock was enhanced under a
28 ◦C night temperature compared to an 18 ◦C night temperature.
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Figure 1. Histological changes of the graft junction using paraffin sectioning and microscopy meth-
ods during graft union development under 28 °C and 18 °C night temperatures. (A,D) Isolation 
layer stages; (B,E) the callus phase; (C,F) the vascular bundle reconnection phase; SC, scion; RT, 
rootstock; DAG, days after grafting; NL, necrotic layer; VC, vascular bundle reconnection; CA, cal-
lus; X, nascent xylem element; PV, original vascular bundle bridge; *, the graft interface ; bars, 100 
µm. 

2.2. Reconnection of Vascular Bundles 
The Esculin assay was used to monitor phloem connectivity. We applied Esculin so-

lution to the cotyledons and examined the fluorescent signals on a daily basis. Upon com-
paring the epicotyl of the scion 1 cm above the graft junction with the hypocotyl of the 
rootstock 1 cm below the graft junction, few grafted individuals exhibited a fluorescence 
signal in the hypocotyl of the rootstock after the application of Esculin to the cotyledons 
at 2 DAG with a 28 °C night temperature treatment and 4 DAG with an 18 °C night tem-
perature treatment, respectively. Nearly 90% of the individuals showed a fluorescence 
signal at 5 DAG under a night temperature of 28 °C and at 8 DAG under a night temper-
ature of 18 °C (Figure 2A). 

Next, we soaked the rootstock in 0.1% (w/v) acid fuchsin solution and monitored the 
dye in the epicotyl of the scion 1 cm above the graft junction to assay xylem reconnection. 

Figure 1. Histological changes of the graft junction using paraffin sectioning and microscopy methods
during graft union development under 28 ◦C and 18 ◦C night temperatures. (A,D) Isolation layer
stages; (B,E) the callus phase; (C,F) the vascular bundle reconnection phase; SC, scion; RT, rootstock;
DAG, days after grafting; NL, necrotic layer; VC, vascular bundle reconnection; CA, callus; X, nascent
xylem element; PV, original vascular bundle bridge; *, the graft interface; bars, 100 µm.

2.2. Reconnection of Vascular Bundles

The Esculin assay was used to monitor phloem connectivity. We applied Esculin
solution to the cotyledons and examined the fluorescent signals on a daily basis. Upon
comparing the epicotyl of the scion 1 cm above the graft junction with the hypocotyl of the
rootstock 1 cm below the graft junction, few grafted individuals exhibited a fluorescence
signal in the hypocotyl of the rootstock after the application of Esculin to the cotyledons
at 2 DAG with a 28 ◦C night temperature treatment and 4 DAG with an 18 ◦C night
temperature treatment, respectively. Nearly 90% of the individuals showed a fluorescence
signal at 5 DAG under a night temperature of 28 ◦C and at 8 DAG under a night temperature
of 18 ◦C (Figure 2A).
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and raffinose reached a maximum on the second day after grafting, whereas under a night 
temperature of 18 °C, they reached a maximum on the third day after grafting (Figure 3A–
C). Treatment with a 28 °C night temperature increased the content of sucrose, trehalose, 
and raffinose significantly at 1 DAG and 2 DAG, but then the content of these sugars de-
creased significantly at 3 DAG and 5 DAG, compared with 18 °C night temperature treat-
ment. On the second day after grafting, the content of D–glucose, D–fructose, D–galactose, 
and inositol in two treatments were highest (Figure 3D–G). Furthermore, the content of 
D–glucose, D–fructose, D–galactose, and inositol under a night temperature of 28 °C was 
significantly increased, with levels 64.76%, 52.50%, 62.97%, and 26.33% higher than those 
under a night temperature of 18 °C, respectively. 

Grafting induced D–ribono–1, 4–lactone synthesis-related metabolism, leading to an 
elevated content of D–ribono–1, 4–lactone. However, D–ribono–1, 4–lactone levels under 
a night temperature of 18 °C were significantly higher than those under a night tempera-
ture of 28 °C (Figure 3H). The content of maltose under a night temperature of 28 °C was 
stable in the early stages (1–3 days after grafting) and significantly increased 5 days after 
grafting (Figure 3I). 

Figure 2. Phloem reconnection rate (A) and xylem reconnection rate (B) after grafting. Data for
each time point were collected from the three treatments with 20 seedlings per treatment and are
presented as the mean ± SE. A temperature of 28 ◦C means that the day and night temperatures were
28 ◦C/28 ◦C. A temperature of 18 ◦C means that the day and night temperatures were 28 ◦C/18 ◦C.
Asterisks indicate significant differences using a t-test (p ≤ 0.05).

Next, we soaked the rootstock in 0.1% (w/v) acid fuchsin solution and monitored the
dye in the epicotyl of the scion 1 cm above the graft junction to assay xylem reconnection.
Approximately 90% of scions exhibited acid fuchsin dye at 6 DAG under a night tempera-
ture of 28 ◦C and at 8 DAG under a night temperature of 18 ◦C (Figure 2B). Taken together,
the results show that phloem reconnection between the scion and rootstock under a night
temperature of 28 ◦C was established two days earlier than under a night temperature of
18 ◦C, and xylem reconnection between the scion and rootstock under a night temperature
of 28 ◦C was established one day earlier than under a night temperature of 18 ◦C.

2.3. Variations of Sugars

To better understand how elevated temperatures promoted graft formation, we ana-
lyzed the content of sugars using an ultra-performance liquid chromatography–electrospray
tandem mass spectrometry detection platform. The levels of 29 sugars in metabolic profiles
were analyzed throughout the graft union formation process. We compared the metabolic
profiles of 28 ◦C and 18 ◦C at four stages to identify the DEMs during graft union formation.
The DEMs were filtered according to an expression level |log2 (fold-change)| > 1 and a
p-value < 0.05 in each pairwise comparison. Nine sugars, including sucrose, trehalose,
maltose, D–ribono–1, 4–lactone, inositol, D–glucose, D–galactose, D–fructose, D–galactose,
and raffinose, were significantly enriched in graft union (Figure 3).

The content of sucrose, trehalose, raffinose, D–glucose, D–fructose, D–galactose, and
inositol showed an initial increase but then decreased. The content of sucrose, trehalose, and
raffinose reached a maximum on the second day after grafting, whereas under a night tem-
perature of 18 ◦C, they reached a maximum on the third day after grafting (Figure 3A–C).
Treatment with a 28 ◦C night temperature increased the content of sucrose, trehalose, and
raffinose significantly at 1 DAG and 2 DAG, but then the content of these sugars decreased
significantly at 3 DAG and 5 DAG, compared with 18 ◦C night temperature treatment. On
the second day after grafting, the content of D–glucose, D–fructose, D–galactose, and inosi-
tol in two treatments were highest (Figure 3D–G). Furthermore, the content of D–glucose,
D–fructose, D–galactose, and inositol under a night temperature of 28 ◦C was significantly
increased, with levels 64.76%, 52.50%, 62.97%, and 26.33% higher than those under a night
temperature of 18 ◦C, respectively.

Grafting induced D–ribono–1, 4–lactone synthesis-related metabolism, leading to an
elevated content of D–ribono–1, 4–lactone. However, D–ribono–1, 4–lactone levels under a
night temperature of 18 ◦C were significantly higher than those under a night temperature
of 28 ◦C (Figure 3H). The content of maltose under a night temperature of 28 ◦C was
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stable in the early stages (1–3 days after grafting) and significantly increased 5 days after
grafting (Figure 3I).
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2.4. Exogenous Sucrose, Glucose, or Fructose Treatment under 18 ◦C Night Temperature

To investigate the effects of the level and type of sugars on graft union formation,
we sprayed a range of concentrations of exogenous sucrose, glucose, or fructose solution
(0, 0.5, 1, and 2%) on the seedling after grafting. The results show that exogenous su-
crose application could not promote vascular reconnection. Phloem reconnection was not
significantly different under exogenous sucrose treatments (Figure 4A), and the xylem
reconnection rate decreased by 466.67%, 277.78%, and 277.78% at 4 DAG under 0.5%, 1%,
and 2% exogenous sucrose treatments compared with CK (Figure 4D). During the entire
healing period after grafting, the xylem reconnection rate was not significantly different
under exogenous sucrose treatments.

Exogenous glucose application promoted vascular reconnection (Figure 4B). The
phloem reconnection rate increased by 94.12%, 94.12%, and 58.82% at 4 DAG under 0.5%,
1%, and 2% exogenous glucose treatments compared with CK. The xylem reconnection rate
increased by 117.24% at 4 DAG under 0.5% exogenous glucose treatment compared with
CK (Figure 4E). However, xylem reconnection was not significantly different under 1% and
2% exogenous glucose treatments.

Exogenous fructose application promoted phloem reconnection. The phloem recon-
nection rate increased by 26.92%, 38.46%, and 44.23% at 5 DAG under 0.5%, 1%, and 2%
exogenous fructose treatments compared with CK (Figure 4C). The xylem reconnection
rate was not significantly different under exogenous sucrose treatments (Figure 4F).
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3. Discussion

Temperature is the key factor for graft union formation. Several reports have shown
that the optimal temperature range for healing grafted melons is 28–30 ◦C [17,18]. Previous
studies have shown that when the night healing temperature decreases to 12 ◦C, there is a
wider gully between the rootstock and scion cut surface and the differentiation of vascular
tissue is delayed, leading to unsuccessful graft union formation [11]. Furthermore, the
effects of different night temperatures on phloem and xylem reconnection were tested.
In preliminary tests using 18 ◦C, 23 ◦C, and 28 ◦C, the differences between the phloem
and xylem reconnection rates between 18 ◦C and 23 ◦C were not significant, but they
were significant between 18 ◦C and 28 ◦C. Therefore, in this study, 28 ◦C was set as
the high temperature and 18 ◦C was set as the low temperature to explore the effects
of night temperature on the anatomy and sugar contents during the graft healing of
melon–pumpkin heterografts.

Sucrose may improve callus formation and the connectivity of vascular bundles at the
graft interface. Melnyk et al. [19] found that a level of 0.5% exogenous sucrose enhances the
graft survival rate of Arabidopsis. Dabirian and Miles [20] found that drench applications
of 1% and 2% sucrose solution to rootstock seedlings before grafting increases the carbo-
hydrate level in the hypocotyl and increases grafting success when both cotyledons are
removed from the rootstock before grafting. Miao et al. [14] found that phloem reconnec-
tion of cucumber/pumpkin grafts was not significantly different under exogenous glucose
treatments, and xylem reconnection was achieved 1 day earlier after grafting with 0.5%
exogenous glucose. Differential sugar responses at the graft junction might be important for
vascular reconnection. Therefore, to test the effect of different sugars on graft healing, the
grafted melon/pumpkin was sprayed with different concentrations of glucose (0.5, 1, and
2%) (w/v), fructose (0.5, 1, and 2%) (w/v), and sucrose (0.5, 1, and 2%) (w/v) when grafting.

3.1. Elevated Temperature Improves the Process of Graft Union Formation

Graft healing is a complex process that is affected by environmental factors, with
temperature being one of the most important influencing factors. Previous work has
described the stages of graft union formation, including the production of a necrotic layer,
the proliferation of callus cells at the graft interface, and vascular redifferentiation across
the graft interface [7,19,21]. The connection of the graft union between rootstock and scion
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is influenced by plant growth conditions, age, species, and so on. It takes an average of
5 to 14 d for the graft union of herbaceous plants to develop vascular connectivity between
rootstock and scion [22,23].

Vascular tissue reconnection is considered an important indicator of grafting success.
A robust vascular connection between the scion and the rootstock determines the physiolog-
ical functionality of the plant, influencing vital processes such as water and nutrient uptake
and translocation, which in turn regulate nutrition, organ growth, photosynthesis, and
transpiration [24]. Oriental melon grafted onto squash showed union bridges between the
rootstock and scion 9 days after grafting under 26 ± 3 ◦C temperature [25], and watermelon
grafted onto squash showed that vascular connections appeared 5 days after grafting under
a night temperature of 18 ◦C [11]. In this study, functional phloem connection occurred
two days earlier than xylem connection when treated with a night temperature of 28 ◦C.
This is consistent with what has been reported for grafted cucumber [14]. However, func-
tional phloem and xylem connection occurred on the same day under a night temperature
of 18 ◦C. These results imply that elevated temperatures improve the process of graft
union formation.

3.2. The Levels of Nine Sugars Affect Graft Union Formation

A complex network of physiological responses takes place during the formation of
the graft union and collectively determine the timeline and outcome of the procedure.
Grafting causes mechanical damage to the plant, which sets off responses to counteract
the damage, including the inhibition of cell elongation, stomatal closure, and reductions
in transpiration, stomatal conductance, and CO2 assimilation. Furthermore, there is an
accumulation of reactive oxygen species (ROS) [26–28]. These ROS have the potential
to cause oxidative damage. Accumulated soluble sugars can protect themselves against
potential oxidative damage, including cellular membrane collapse and the breakdown of
cellular compartments [29].

Achieving homeostasis allows the plant to rebuild tissues and forge a union between
the two components of the graft. Tissue adhesion begins with the accumulation of polysac-
charides, such as cellulose and pectin [30,31]. Carbon skeletons are required in the damaged
area for the synthesis of new molecules [32]. Simultaneously, callus-like masses of undiffer-
entiated cells (known as callus tissue) proliferate adjacent to the existing vascular tissue [33].
Furthermore, cell proliferation is an energy-consuming process. Sugars, as an energy source,
provide ATP through glycolysis pathways and cellular respiration, and eventually activate
cell metabolism. Sugars are actively involved in cell division and cell expansion [14,34].
Additionally, sugars, as signaling molecules, may regulate gene expression and a variety
of metabolic processes through hexokinase-dependent and independent pathways. Pu
et al. [35] found that the starch content in the rootstock cotyledons of cucumber grafted onto
pumpkin seedlings decreased during 0–3 days after grafting. Amri et al. [36] discovered a
significant increase in soluble sugar and starch content at the rootstock and scion union in
peach/plum grafting. In our data sets, nine sugars were significantly increased. However,
the varying trends observed in the levels of the nine sugars may have resulted in the
abnormal formation of vascular tissue.

The accumulation of sugars in sink tissues depends on the actions of several genes
related to biosynthesis, metabolism, and transportation. In Cucurbitaceae, raffinose and
stachyose are the predominant carbohydrates transported from leaves to sink tissues [37].
In sink tissues, raffinose family oligosaccharides (RFOs) are unloaded from the phloem,
and alkaline α-galactosidases hydrolyze the RFOs to sucrose and galactose. When a plant
suffers stress, sucrose will be used for long-distance transport [38]. In this study, the change
in sucrose content was similar to that of raffinose, but different from that of D–galactose.
So, sucrose and raffinose were the main carbohydrates transported from leaves to the graft
union. The exogenous application of sucrose did not promote vascular reconnection.

Sucrose can be converted to its hexose monomers (glucose and fructose) by invertases
or converted to fructose and uridine diphosphate-glucose (UDPG) by sucrose synthase [39].
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The metabolic processes of sucrose are mainly regulated by sucrose–phosphate synthase
(SPS), sucrose–phosphate phosphatase (SPP), and sucrose synthase (SUS). The content of
D–glucose, D–fructose, D–galactose, and inositol in two treatments were highest 2 days
after grafting. However, the contents of D–glucose, D–fructose, D–galactose, and inositol
under a night temperature of 28 ◦C were significantly higher than those under a night
temperature of 18 ◦C. Exogenous glucose application promoted vascular reconnection,
and exogenous fructose application promoted phloem reconnection. Therefore, high night
temperatures accelerate graft union formation by promoting the accumulation of glucose
and fructose. However, further study is required to understand how glucose and fructose
regulate graft union formation.

4. Materials and Methods
4.1. Plant Materials

Scion: melon (Cucumis melo L.), Meinong Cultivar, was obtained from Hubei Xueyin
Agricultural Technology Co., Ltd., Jingzhou, China.

Rootstock: pumpkin (Cucurbita moschata Dutch.), Zhenzhuang Cultivar, was obtained
from Jingyan Yinong Seed Sci-Tech Co., Ltd., Shouguang, China.

All the experiments were carried out in an artificial chamber in 2022 at the Wuhan
Agricultural Academy, Central China (30◦27′ N, 114◦20′ E, and at an altitude of 22 m above
sea level). The scion and rootstock seeds were sown into 98- and 72-cell trays, respectively,
with one seed in one cell filled with mixed seedling substrate (peat moss and pearlite
at a volume ratio of 3:1). The melon seeds were sown 5 days before the pumpkin seeds
and were placed in a germination chamber at 30 ◦C for 2 days. After germination, the
melon and pumpkin seedlings were transferred to the artificial chamber. The plants were
cultivated with a day/night (12 h/12 h) cycle at 28 ◦C/18 ◦C and 60–80% relative humidity.
The plants were fertilized with a water-soluble fertilizer (Product Model: 20-10-20 + TE,
1000 times liquid, Shanghai Yongtong chemical Co., Ltd., Shanghai, China).

4.2. Grafting and Temperature Treatment

The melon scions were grafted onto pumpkin rootstock using the root-pruning splice
grafting technique at the first-true-leaf development stage [2]. After grafting, the grafted
melon seedlings were divided into two groups and were placed in a hydroponic box
containing 1/2 Hoagland’s nutrient solution (12 cm × 12 cm) for continuous temperature
treatment. One group was placed in an artificial chamber with a temperature of 28 ◦C
day/28 ◦C night (28 ◦C), and another group was placed in an artificial chamber with a
temperature of 28 ◦C day/18 ◦C night (18 ◦C). The other conditions included a photoperiod
of 12 h day/12 h night, a light intensity of 50 µM·m−2·s−1, and a constant humidity of
95–100%. Three separate biological experiments were conducted under the same conditions
to replicate the results.

4.3. Exogenous Glucose, Fructose, and Sucrose Treatments

To test the effects of different sugars on graft healing, the grafted melon/pumpkin was
sprayed with different concentrations of glucose (0.5, 1, and 2%) (w/v), fructose (0.5, 1, and
2%) (w/v), and sucrose (0.5, 1, and 2%) (w/v) when grafting. Distilled water was sprayed
as the control. Three hundred plants were used for each treatment. Phloem and xylem
connectivity was observed 3, 4, 5, 6, and 7 d after grafting. Twenty plant replicates were
performed for every treatment. Three separate biological experiments were conducted
under the same conditions to replicate the results.

4.4. Paraffin Sectioning and Microscopy

A sample of 0.3 cm stems above and below the graft junction was collected at 1–9 DAG.
The collected samples were fixed, softened, dehydrated, infiltrated, and embedded in
paraffin, as described by Ribeiro et al. [40]. The samples were sectioned to 10 µm vertically
using a rotary microtome (RM2016; Leica; Shanghai, China), dewaxed, rehydrated, cleaned,
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stained with Fast Green, counterstained with safranin, and then fixed with neutral balata.
The sections were examined using a light microscope (NIKON DS-U3; Nikon Corp., Tokyo,
Japan), and representative sections were photographed.

4.5. Assays of Phloem and Xylem Connectivity

Phloem and xylem connectivity were measured by Esculin and acid fuchsin movement
across the graft union, respectively [41]. To assay phloem connections, 0.4 g of Esculin
was dissolved in 20 mL of 60% Acetonitrile. The cotyledon center of the scion was gently
scraped with a sharp single-edge razor to create a small opening for the Esculin to enter.
Next, a 30 µL Esculin sample was added to each cotyledon, and fluorescence in the rootstock
hypocotyls was measured after 2 h of incubation. For xylem connection, the plant roots
were incubated in a solution of 5 mg/mL of acid fuchsin, and the melon hypocotyls were
examined after 2 h.

The phloem and xylem reconnection rates were investigated using the following formulae:

Phloem reconnection rate (%) = (phloem reconnected grafts/total test grafts) × 100%

Xylem reconnection rate (%) = (xylem reconnected grafts/total test grafts) × 100%

4.6. Determination of Sugar Contents

The samples were harvested from the grafting union at 0, 1, 2, 3, and 5 DAG. The
sugars were extracted and assayed according to previous reports [42]. All the metabolites
were detected using MetWare (http://www.metware.cn/, accessed on 25 September 2022)
on the AB Sciex QTRAP 6500 LC-MS/MS platform. After the sample was thawed and
smashed, 0.05 g of the sample was mixed with 500 µL of 70% methanol/water. The
sample was vortexed for 3 min under 2500 r/min and centrifuged at 12,000 r/min for
10 min at 4 ◦C. A total of 300 µL of supernatant was transferred into a new centrifuge tube
and placed in a −20 ◦C refrigerator for 30 min. Then, the supernatant was centrifuged
again at 12,000 r/min for 10 min at 4 ◦C. After centrifugation, 200 µL of supernatant
was transferred through a Protein Precipitation Plate for further LC-MS analysis. The
sample extracts were analyzed using an LC-ESI-MS/MS system (Waters ACQUITY H-
Class, https://www.waters.com/nextgen/us/en.html, accessed on 18 December 2022;
MS, QTRAP® 6500+ System, https://sciex.com/, accessed on 20 December 2022). Three
separate biological experiments were conducted under the same conditions to replicate
the results.

4.7. Statistical Analysis

The data are presented as the mean ± standard deviation of three replicate samples.
Significantly regulated metabolites between the groups were determined using VIP and
absolute Log2FC (fold change). The statistical evaluations were performed via one-way
analysis of variance, followed by individual comparisons with t-tests (p < 0.05) using SAS
9.0.3 software.

5. Conclusions

The graft healing process takes longer and involves higher costs in early spring, when
plants often suffer from low temperature exposure. Temperature is undoubtedly the key
factor affecting graft union formation. Elevated temperatures improve the process of
graft union formation by increasing the content of sucrose, trehalose, maltose, D–ribono–
1, 4–lactone, inositol, D–glucose, D–galactose, D–fructose, D–galactose, and raffinose.
Moreover, exogenous glucose and fructose application promotes vascular reconnection.
However, exogenous sucrose application does not promote vascular reconnection. These
results provide information to develop strategies for improving grafting efficiency under
low temperatures.
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Abstract: The integration of semi-transparent photovoltaics into the roof of greenhouses is an emerg-
ing technique used in recent years, due to the simultaneous energy and food production from the
same piece of land. Although shading in many cases is a solution to maintain the desired microcli-
mate, in the case of photovoltaic installations, the permanent shading of the crop is a challenge, due
to the importance of light to the growth, morphogenesis, and other critical physiological processes.
In this study, the effect of shade from semi-transparent photovoltaics on a strawberry crop (Fragaria x
ananassa Duch.) was examined, in terms of growth and quality (phenolic and flavonoid concentration
of fruits). According to the results, in non-shaded plants, there was a trend of larger plants, but
without a significant change in leaf number, while the total number of flowers was slightly higher at
the end of the cultivation period. Moreover, it was found that the percentage change between the
number of ripe fruits was smaller than that of the corresponding change in fruit weight, implying
the increased size of the fruits in non-shaded plants. Finally, regarding the antioxidant capacity,
it was clearly demonstrated that shading increased the total phenolic content, as well as the free-
radical-scavenging activity of the harvested fruits. Although the shading from the semi-transparent
photovoltaics did not assist the production of large fruits, it did not affect their number and increased
some of their quality characteristics. In addition, the advantageous impact of the semi-transparent
photovoltaics in the energy part must not be neglected.

Keywords: Fragaria x ananassa Duch.; shading; agrivoltaics; crop performance; total phenolic content;
antioxidant activity

1. Introduction

Strawberry plants generally thrive in well-drained soil and temperate climates. The
Mediterranean climate is well-suited for strawberry cultivation due to its mild, wet winters
and hot, dry summers. Strawberry plants are often grown in greenhouses either for protec-
tion from adverse environmental conditions or, more commonly, to extend the growing
season [1]. Light and temperature inside the greenhouse are the most influencing factors
that affect the growth of strawberry plants [2]. The optimum light conditions vary accord-
ing to the time of year and the growth stage of the plant. Light intensity is important for the
growth, morphogenesis, and other physiological processes of plants by affecting the rate of
photosynthesis, the number of leaves, the stem length, the branching, the commencement
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of flowering, and the fruit development and ripening [3–5]. In particular, low light intensity
can reduce the rate of photosynthesis in plants, resulting in limited growth and lower
yields [6]. The effects of reduced light intensity on the quality of harvested fruits are also
important because strawberries have a variety of secondary metabolites, like phenolics
and flavonoids. These metabolites serve as plant tissue defense against biotic and abiotic
stresses, preventing cellular damage caused by reactive oxygen species [7].

Fruit berries, especially strawberries, are well-known sources of bioactive compounds
(BACs). The major components of BACs in strawberries are phenolic compounds, which
include phenolic acids (such as hydroxybenzoic and hydroxycinnamic acids), flavonoids
(anthocyanins), flavonols (quercetin, kaempferol, myricetin), and flavanols (catechins and
epicatechin) [8,9]. These components along with ascorbic acid are the most abundant
antioxidants present in strawberries. Antioxidants work by donating hydrogen to free
radicals, scavenging them, and generating more stable antioxidant radicals [10].

Shading in greenhouses protects against excess solar radiation during hot periods
while also posing challenges during periods of limited sunshine and low temperatures [11].
The fluctuations of environmental conditions like these are relevant in Mediterranean
regions. In the summer and in regions such as Greece, the temperature rises dramatically
inside a greenhouse, with its values approaching 60 ◦C for extended periods (often from
May to October), causing severe crop issues. Shading prevents the overheating of plants
and reduces evapotranspiration by reducing incident light intensity and, consequently,
lowering the temperature inside the greenhouse. Yet, shading is generally considered a
limiting factor for growth and yields [12,13].

Aside from conventional greenhouse shading solutions such as plastic nets [14–17] and
screens [18,19], one approach that has seen significant expansion and application in recent
years is the installation of photovoltaic modules on the greenhouse’s roof. Solar radiation is
the most important parameter in satisfying production performance because photosynthesis
is a biological process that significantly depends on sunlight. Despite that, the strength of an
energy production system using solar radiation, such as a photovoltaic system, is primarily
determined by the strength of the radiation incident on it. The requirements of both the
crop and the solar system for sunlight make greenhouses the perfect structure, as they
are placed in areas with a lack of surrounding impediments. Simultaneously, significant
challenges have been encountered because of the increased demand for accessible land,
both spatially and economically. Thus, using the same piece of land for both food and
energy production appears to be a perfect solution, and this combination is also known as
an agrivoltaic system [11,20,21].

According to the research findings, the employment of shade methods provides several
advantages for preserving the greenhouse’s microclimate at desirable levels in warm and
cold regions. Indicatively, in [22], it is stated that, on the one hand, shading can maintain
the temperature of the greenhouse in a range of 5 to 10 ◦C lower than that of the outside
air, while this reduction combined with the effect of a cooling system increases the relative
humidity up to 20%. At the same time, solar radiation can be reduced by up to 50%. On
the other hand, in cold climate regions, the application of shading materials can act as
additional insulation, reducing heat leaks, with the temperature being maintained up to
5 ◦C higher than outside.

Regarding the use of semi-transparent photovoltaics in a greenhouse, in [23], it is stated
that, by covering the roof of a polyethylene-covered greenhouse with 20% photovoltaics,
the solar radiation can be reduced by 35–40% during clear days, while the temperature
reduction with the use of photovoltaics was 1–3 ◦C. At the same time, it is reported that,
with an annual energy production equal to 637 kW h, the payback period was 9 years.

Several studies on the impact of semi-transparent PV panels on plant development in
greenhouse conditions have been conducted. According to the literature, shading impacts
different plant species in different ways, with [24,25] focusing on tomato cultivation, [2,26]
on strawberries, [27] on berries, and [28] on lettuce, while there are also numerous studies
demonstrating different outcomes. More specifically, Ref. [29] investigated four shading
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levels, which were the result of four different rates of coverage, with percentages amounting
to 0%, 15%, 30%, and 50%. The study was performed for tomato cultivation and for a
greenhouse with its ridge pointed in the north–south direction. The results showed that
the reduction of solar radiation, due to the increase in the degree of coverage, had negative
effects, both on the quantity and the quality of the fruits.

This study aimed to investigate the effect of greenhouse-integrated semi-transparent
photovoltaics’ shading on the parameters reflecting the size of the plant, the number of
leaves, the flowers, the ripened fruits, and their weight. Moreover, the effect of shading on
the antioxidant capacity (total phenolic content (TPC) and free radical scavenging activity)
of the harvested fruits was examined.

2. Materials and Methods
2.1. Experimental Setup
2.1.1. Greenhouse

The cultivation of the Fragaria x ananassa Duch. plants was conducted in the exper-
imental greenhouse of the Plant Physiology Lab (Dept of Biology, University of Patras)
located on the University campus (38°17′27.9′′ N, 21°47′23.9′′ E) in a distinct unit that
measures 3.2 m in width and 16.5 m in length, from 15 December 2022 to 1 June 2023.

The greenhouse’s dimensions (gutter height of 3.22 m, ridge height of 3.9 m) are close
to those of a real-scale greenhouse, with its type (even span) and east–west orientation,
making it physically identical to a commercial greenhouse. The greenhouse is made up
of four identical, distinct units. It is a high-tech greenhouse made of premium materials,
and its frame is constructed of steel pieces with varying cross-sections. The cover material
is glass, which is resistant to chemicals, high winds, and pollution. The greenhouse has
a natural ventilation system with openings on the north and south inclined planes of the
roof, as well as the side portions.

The construction unit used for the cultivation of strawberry plants is part of the overall
greenhouse and, more specifically, is located on its northern side, with the area of covered
ground equal to approximately 50 m2. In this unit, natural ventilation is based only on
windows on the northern sloped plane of the roof, due to the installation of photovoltaics
on the southern sloped plane.

2.1.2. Photovoltaic Modules

The photovoltaic modules are characterized as semi-transparent, with permeability to
sunlight and especially the spectrum of photosynthetically active radiation (PAR) (400–700 nm)
being particularly high, while at the same time, intense light scattering is observed on the
surface that does not contain solar cells. This scattering has the advantage of avoiding
strong shadows from any skeletal elements that may lie beneath them.

Each photovoltaic module has dimensions of 2.089 m long and 1.033 m wide, a thick-
ness of 5.5 mm, and a weight of 28.6 kg. The solar cells lying between two sheets of glass
and within an encapsulation layer of POE/EVA material are equal to 80. Their dimensions
correspond to 166 mm long and 83 mm wide, making an active surface of approximately
1.1 m2. Finally, their bifacial type increases energy production as it is reliant on light falling
both on the top and bottom sides of each cell. The nominal maximum power of each
photovoltaic module is equal to 250 Wp, while according to the dimensions of both the
whole module and the solar cells, the shading formed corresponds to approximately 51%.

2.1.3. Installation

Both in the arable unit and the unit next to it, twelve semi-transparent photovoltaics
have been integrated. Their installation was performed by removing the old glass cover and
replacing it by adding an aluminum bracket on the perimeter. The inclination angle of the
photovoltaics is equal to ∼24◦, so the inclination angle of the roof, while setting the units
into the south sloped level of the roof increases the PVs’ energy production, particularly
during the winter, when the Sun makes a smaller angle to the ground. Out of twelve solar
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panels, eight have been installed on the roof of the arable greenhouse unit (Figure 1a), while
the rest have been installed on the roof of the adjacent unit (Figure 1b). Their long side
follows the east–west ridge direction, with them covering approximately 67% and 34% of
the south sloped roof, respectively.

(a) (b)
Figure 1. Photovoltaic modules integrated into the roof of the greenhouse: (a) Greenhouse arable
construction unit. (b) Adjacent greenhouse unit.

2.2. Algorithm for Calculating the Shade

To determine the percentage of shading caused by the photovoltaics inside the green-
house and on the ground, an algorithm based on the specific greenhouse was used, which
enables the detection of shading caused by photovoltaics on the ground for each time
of year and for a time step of 10 min. The algorithm is based on astronomical equations
and theorems relating to the position of the Sun, and it presents the shade using vector
analysis and geometry. The algorithm has been validated using radiation data collected
from within the greenhouse, according to all of its geometric and geographical aspects [30].
The outputs of the algorithm are the shaded area of the greenhouse in m2, the percentage
of ground covered by shade (%), and two graphical representations of the greenhouse, PVs,
and shade, one 3D and one 2D. Finally, by providing its coordinates, it is possible to obtain
a result showing whether a surface point is inside or outside the shaded area.

In this study, just the percentage of the shaded region was used from the overall output
of the algorithm, which was executed for two separate scenarios, one where the area of
interest concerned the planting line A and one where the area of interest concerned the
planting line B. It should be noted that, although the algorithm extracts accurate results
based on the arrangement according to which the PVs are placed in the greenhouse, the PVs
are considered opaque. To calculate the percentage of shading formed by the photovoltaics
on each line, the theoretical shading caused by them must be included. This shading is a
result of the relationship between the active surface (total surface of the solar cells) and the
total surface of the photovoltaic module (Equation (1)).

theoretical shading perc. (%) =
(

N · Esolar cell
EPV module

)
× 100 (1)

where N is the number of solar cells in each PV module equal to 80, Esolar cell is the surface
of the solar cell equal to 0.013 78 m2, and EPV module is the total surface of each PV module
equal to 2.158 m2. According to the above, the resulting theoretical shading is equal to
51.08%, while this factor is also presented in the technical documentation accompanying
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the photovoltaic units, representing the semi-transparent nature of the modules. Thus, by
multiplying the algorithm’s output by the theoretical percentage of shading created by the
semi-transparent photovoltaics, we can compute the shading formed by the photovoltaics
on the surface of each planting line.

The mean daily percentage of shaded surface based on the foregoing is provided in
Figure 2, from the day the plants were planted until the last day of the experiment. In
addition to the percentage of the shaded surface, the mean daily internal temperature is
provided in Figure 2, with a loss of data for the period 13 January 2023 to 13 February 2023,
due to temperature sensor failure.

Figure 2. Mean daily percentage of shaded surface for planting lines A and B and internal temperature.

2.3. Growth, Morphological, and Yield Measurements

Frigo plants were planted in two single rows with an approximately 1.5 m distance
between rows. The length of each row was approximately 15 m; therefore, the spacing
among the 20 plants used in each line was 75 cm. The soil was covered with black plastic
mulch, and the plants were irrigated by a drip tube with a diameter of 20 mm under the
mulch, delivering 2 L h−1 per dripper (Figure 3a,b). Each plant was equipped with one
dripper, with the number of drippers corresponding to the number of plants. The irrigation
frequency was scheduled every three days for the period from 15 December 2022 to 1 March
2023 and daily application until the end of the experiment, to ensure that the soil was at
the field capacity. Measurements were taken every 15 days beginning on 15 February 2023,
and the harvest on 15 March 2023 was extended by two days due to the unpredictable fruit
development. The measurements performed on the crop concern (a) the plant size through
three parameters: the plant size along the x-axis (along the planting line), the y-axis size
(perpendicular to the planting line), and the z-axis (plant height); (b) the number of leaves;
(c) the number of flowers; (d) the number of red (ripened) fruits; and (e) the weight of the
ripe strawberries.

2.4. Sample Preparation and Extraction Methodology

The strawberry samples utilized in this study were stored at−20 ◦C. For the extraction
process, three strawberries from each line (denoted as A and B) were first allowed to
thaw at room temperature (RT). Subsequently, each strawberry was weighed after careful
removal of the stem. Next, each strawberry was homogenized to achieve uniformity in
mass, and the resulting product was reweighed. Then, 1 g of the homogenized strawberry
was transferred to a falcon tube, and 12 mL of 70:30 [methanol (MeOH)–2x distilled (2d)
water] was added as the extraction solvent. The homogenate, along with the extraction
solvent, was left for 1 h with frequent mild agitation in vortex to facilitate the extraction.
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Following this, centrifugation at 3000 rpm for 10 min at room temperature was performed
to separate the supernatant, which was collected and used for chemical analyses.

(a) (b)

Figure 3. (a,b): Both subfigures represent strawberries’ cultivation in the greenhouse.

2.5. TPC and DPPH Analyses

The TPC [31] in the strawberry extracts was obtained with Folin–Ciocalteu’s reagent
(Panreac, Barcelona, Spain). In this study, each sample (0.125 mL) was combined with
0.75 mL of 2d water and 0.125 mL of the Folin–Ciocalteu reagent. The resulting solution
was allowed to incubate for 6 min. Subsequently, 2 mL of a 5% (w/v) sodium carbonate
solution was added, and the mixture was left to incubate for an additional 90 min at room
temperature in the absence of light. The absorbance of the samples was measured at
760 nm using a TECAN photometer. The obtained results are expressed as mg of gallic acid
equivalent (GAE) per g of strawberry, representing the average of three measurements for
each sample in triplicate.

The free-radical-scavenging activity of the extract was evaluated using the 1,1-diphenyl-
2-picryl-hydrazyl (DPPH) method [32]. More precisely, a 0.2 mM DPPH solution (Cayman
Chemical, Ann Arbor, MI, USA) was prepared fresh in MeOH. In this study, each sample
(0.02 mL) was combined with 0.180 mL of the freshly prepared 0.2 mM DPPH solution, and
it was allowed to incubate for 30 min at room temperature in the absence of light. The
absorbance of the samples was measured at 517 nm using a TECAN photometer. The ob-
tained results are expressed as mg of L-ascorbic acid equivalent (AAE) per g of strawberry,
representing the average of three measurements for each sample in triplicate.

2.6. Gallic Acid and L-Ascorbic Acid Calibration Curves

To obtain a 1% solution of gallic acid (GA) (10 mg mL−1), 0.15 g of GA (Sigma-Aldrich,
St. Luis, MO, USA) was dissolved in 15 mL of 70:30 [methanol (MeOH)–2d water]. Subse-
quently, a standard gallic acid curve was established by diluting the standard solution of
gallic acid to concentrations of 0.1, 0.5, and 1 mL in 70:30 [methanol (MeOH)–2d water]. The
calibration curve was obtained using the TPC method, as described above. The equation
obtained is represented by Equation (2) with a perfect linear regression of R2 = 1.

y = 2.2657 · x + 0.1342 (2)

To obtain a 100 µg mL−1 solution of L-ascorbic acid (100 mg mL−1), 0.015 g of L-
ascorbic acid (Acros Organics, Fair Lawn, NJ, USA) was dissolved in 150 mL of 2d water.
Afterward, a standard L-ascorbic acid curve was established by diluting the standard solu-
tion of L-ascorbic acid to concentrations of 5, 10, 20, 30, 50, 75, and 100 µg mL−1 in 2d water.
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The calibration curve was obtained using the DPPH method, as described above. The
equation acquired is represented by Equation (3) with a linear regression of R2 = 0.9424.

y = 0.6858 · x + 4.21288 (3)

2.7. Statistical Analysis

The reported values for the growth, morphological, and yield measurements are
expressed as the mean ± the standard error (SE).

The reported values are expressed as the mean ± the standard deviation (SD) of the
experiments in triplicate. Statistically significant differences were evaluated using Tukey’s
test to determine statistical differences between each data set of the two lines (A and B).
Differences were considered statistically significant at the level of p ≤ 0.05, indicated by an
asterisk (*). The statistical analysis and graphs were achieved using GraphPad Prism 8.0.1
(GraphPad Software, San Diego, CA, USA).

3. Results
3.1. Growth and Morphological Data

Using the three parameters relating to the size of each plant (x-, y-, and z-axis) and
taking into account that the specified directions produce a Cartesian coordinate system
in space, it is feasible to define a vector, ~vi, in space and for each plant, i, of the form
(Equation (4)):

~vi = (xi · x̂, yi · ŷ, zi · ẑ) (4)

where x, y, and z are the plant size along the x-, y-, and z-axis, respectively, and x̂, ŷ, and ẑ
are the unit vectors in the directions along the planting line, perpendicular to the planting
line, and the plant height, respectively. The magnitude of ~vi will be a number (in cm) that,
according to Equation (5), will define the size of the plant by integrating the above three
parameters for the size of each plant.

|~vi| =
√

x2
i + y2

i + z2
i (5)

As shown in Figure 4, there was a trend of bigger plants in the line with the lower
overall shading (line A), though the differences between the two lines were not statistically
significant. The small, positive effect on the plant size for the plants in line A appeared
75 days from the beginning of the measurements (b.m.) when the cumulative shading
difference between the two lines was obvious.

The mean number of leaves was almost identical between the two planting rows
during the growth period (Figure 5a). The total number of leaves for each row at each
measurement date was not affected by the fluctuations of radiation during this period
(Figure 5c), resulting in a similar cumulative number of leaves until the end of the ex-
periment (Figure 5e). The onset of flowering was simultaneous in the two rows, and the
mean number of flowers per plant was similar between the planting rows during the
experimental period (Figure 5b). As shown in Figure 5d, ascending phases of radiation
positively affected the production of inflorescences in the corresponding planting row.
Consequently, the final total number of inflorescences in line A was relatively higher than
in line B, probably due to the coincidence of the longest ascending period of radiation with
the peak of the flowering period in line A (Figure 5f).

In Figure 6, the number of ripened fruits and their weight are presented. There were
no statistically significant differences in the number and weight of fruits per plant between
the two planting rows for each measurement during the experimental period. However, at
the peak of the fruiting period, a trend for heavier fruits per plant was obvious (Figure 6a,b).
Shading reduced the number of fruits at the end of the experimental period by 20% and the
weight of fruits by 45% (Figure 6c,d). The cumulative effect of shading was 10% and 35%
for the number and weight of fruits, respectively (Figure 6e,f).
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Figure 4. Mean plant vector magnitude for planting lines A and B (mean ± SE, n = 28) combined
with the mean daily percentage of the shaded surface.

(a) (b)

(c) (d)

(e) (f)

Figure 5. (a) Mean number of leaves during the experimental period (mean ± SE, n = 28). (b) Mean
number of inflorescences during the experimental period (mean ± SE, n = 28). (c) Total number
of leaves for each planting row combined with the mean daily percentage of the shaded surface.
(d) Total number of inflorescences for each planting row combined with the mean daily percentage of
the shaded surface. (e) Cumulative sum of the number of leaves for each planting row. (f) Cumulative
sum of the number of inflorescences for each planting row.
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(a) (b)

(c) (d)

(e) (f)

Figure 6. (a) Mean number of ripened (red) fruits during the experimental period (mean± SE, n = 28).
(b) Mean weight of ripened (red) fruits during the experimental period (mean ± SE, n = 28). (c) Total
number of ripened fruits for each planting row combined with the mean daily percentage of the
shaded surface. (d) Total weight of ripened fruits for each planting row combined with the mean
daily percentage of the shaded surface. (e) Cumulative sum of the number of ripened fruits for each
planting row. (f) Cumulative sum of the weight of ripened fruits for each planting row.

In Table 1, the number of leaves, flowers, ripened fruits, and weight of fruits at the
final harvest are presented, as well as the percentage change between each parameter for
lines A and B, together with the total shading posed by the photovoltaics on each planting
line. The total shading values were calculated using the trapezoidal method with unit
spacing, which computes the approximate integral of the data in Figure 2.
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Table 1. Totals for the measured parameters and the percentage change between each parameter for
lines A and B.

Parameter Line A Line B Percentage Change (%)

Shading (m2) 367.8 1099.6 +198.96
Number of Leaves 1579 1597 +1.14
Number of Flowers 181 169 −6.63

Number of Red
Fruits 162 146 −9.88

Weight (g) 2123 1403 −33.91

3.2. Total Phenolic Content and Free-Radical-Scavenging Activity

As mentioned in the Materials and Methods Section, samples from each line underwent
the TPC method for the determination of their total phenolic content. The absorbance of
each sample was measured at 760 nm, three samples in triplicate, and their TPC is given
through the calibration curve of GA. The results are given in Figure 7. The difference
between the two lines of strawberries was significant, as line B had a significantly higher
TPC content than line A.

Figure 7. Results of total phenolic content in strawberries. The TPC in strawberries is expressed
as mg of GAE per g of strawberries. Two asterisks (**) indicate statistically significant differences
(p < 0.01) between the two strawberry planting lines.

Moreover, three samples from each line underwent the DPPH method for the deter-
mination of their free-radical-scavenging activity/antioxidant activity. The absorbance
of each sample was measured at 517 nm in triplicate, and their scavenging potential is
given through the calibration curve of L-ascorbic acid. The results are presented in Figure 8.
The difference between the two groups of strawberries was significant, as line B had
1.375 ± 0.2524 mg of AAE per g morethan line A.

117



Plants 2024, 13, 768

Figure 8. The results of the DPPH analysis in strawberries. The ability to scavenge DPPH in
strawberries expressed as mg of AAE per g strawberry in different plot options. Three asterisks (***)
indicate statistically significant differences (p < 0.0001) between the two strawberry planting lines.

4. Discussion

Shading from photovoltaic arrays on the roof of greenhouses can have a positive or
negative effect on the growth of the cultivated plants, depending on the period during
which the cultivation is carried out [11,33,34]. During the growth of strawberry plants in
this study, due to diurnal and seasonal variations in light intensity and ambient temperature,
plants may have experienced changes in incident radiation and, consequently, temperature
within the greenhouse daily, which included either quite low temperatures during the
winter period or quite high temperatures during the spring period. Therefore, shading
from the PVs could theoretically have a negative effect on plant growth during the winter
period, but mitigate the negative effect of high temperatures in the spring. At the same
time, reduced light intensities are expected to have a negative effect on plant growth [22].
According to the results, there was a tendency of larger plants in the row with higher
light intensities, while there was no effect of shading on the number of leaves throughout
the experiment. This tendency of increased plant size was observed during spring, and
therefore, this effect should be attributed to the slightly increased light intensity received
by plants in row A. At the same time, the prevailing air temperature for the two rows was
the same. Therefore, the effect of the photovoltaics on the shading was different between
the two rows, but their effect on temperature was similar for all the plants. Consequently,
any positive effect of the photovoltaics in mitigating high temperatures may contribute
to the observed difference in plant size between the two rows, which otherwise could be
smaller, if the more shaded plants had benefited from lower temperatures.

Shading did not affect the onset of flowering. The onset of flowering for each plant
species is different and is usually determined by the prevailing photoperiod, i.e., the relative
ratio of light–dark hours in a day and the progressive decrease or increase of this ratio [35].
This step in a plant’s life cycle is significant due to its adaptability to seasonal changes and
its reproductive success [36]. The onset of flowering is not affected by light intensity [35],
which was confirmed in the present study, with the onset of flowering being the same in
both crop lines regardless of the shading amount. In previous studies, the shading did not
affect the number of flowers for pepper plants [37] and strawberry plants [38]. However, in
our results, the number of flowers for each crop line was lower compared to the other, after
a preceding period of increasing shading. Since the total shading in line B was greater than
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the shading in line A, the total number of flowers for line A was slightly higher than for
line B at the end of the cultivation period.

The yield of fruits was affected by shading in terms of fruit weight. The number of fruits
was not affected, except in the last harvest, when the line with the higher shading produced
20% fewer fruits. At the end of the experiment, the total number of fruits was slightly lower
under the higher shading treatment. However, the difference in fruit weight was significantly
higher between the two lines, because the strawberries under higher light intensity were
about 50% heavier during the last month of the experiment, that is the period with the peak of
fruiting. As the number of fruits was similar between the lines, it is obvious that, under higher
light intensity, bigger fruits were produced. Smaller fruits under shading could result in an
altered secondary metabolites profile and, thus, change the fruits’ quality characteristics. In
previous studies, the yield of tomatoes [39] was reduced only under the high level of shading
(60%), while in a hydroponic culture of tomatoes, the reduction in the yield was gradually
increased under increasing levels (15–50%) of shading [29]. On the other hand, the yield and
quality of chili peppers improved under shading [37].

Shading is known to increase the TPC and antioxidant activity of many plants includ-
ing coffee beans [40], perennial wall rocket [41], and sweet potato [42]. In our case, the
results showed that the shading provided by the semi-transparent PV panels resulted in
smaller fruits with a higher TPC and antioxidant activity.

Although the shading from the semi-transparent photovoltaics did not assist the
production of large set fruits, even if the number was unaffected, the contribution of the
shading resulted in higher quality fruits, while their wider impact in the energy part
must not be neglected. Finally, it must be noted that the above results would probably be
more intense if the comparison was between plants facing the increased shade from the
photovoltaics and plants not receiving any additional shade at all.

In an era when efforts to create a complex between sustainable agriculture and RES are
intensifying, the combination of greenhouse systems and semi-transparent photovoltaics
can become a useful tool, not only for producing environmentally friendly energy, but also
for qualitative optimization of greenhouse crops. The above example demonstrates how,
through innovation, solutions may be discovered for two challenges: food security, on the
one hand, and renewable energy production and climate change mitigation, on the other,
for a more sustainable future.
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Abstract: In cold regions, the low irrigation water temperature is an important factor of low-
temperature stress for greenhouse crops. In this paper, an irrigation water-heating system (IWHS) is
proposed to increase the water temperature by utilizing the excess heat in the solar greenhouse. The
heat-collection capacity of the system was analyzed by screening the IWHS process parameters in a
Chinese solar greenhouse, and a warm-water irrigation experiment for lettuce was conducted. The
results demonstrated that the water temperature increased with the increase in wind speed, and the
increase in daily average water temperature reached the maximum value of 8.6 ◦C at 4.5 m/s wind
speed. When the heat exchanger was installed at a height of 3.0 m, the collector capacity increased
by 17.8% and 6.0% compared with the heating capacity at 0 m and 1.5 m, respectively, and the
operation termination water temperature was 22.0–32.2 ◦C and its coefficient of performance (COP)
was optimal. Surface darkening of the heat exchanger did not affect the heat-collection capacity of
the system. Using the IWHS effectively improved the temperature of lettuce irrigation water in the
Chinese solar greenhouse. The increased frequency of warm-water irrigation significantly promoted
lettuce growth and increased the average yield per plant by 15.9%. Therefore, IWHS effectively
increased the irrigation water temperature in a Chinese solar greenhouse in winter. Improving the
system would enhance its economic and application value.

Keywords: irrigation water-heating system; Chinese solar greenhouse; warm-water irrigation; lettuce

1. Introduction

Protected horticulture has developed rapidly in China, the Netherlands, Israel, the
United States, Spain, and other countries over the past 60 years, becoming an impor-
tant national economic industry [1]. By 2022, the total horticultural area in China was
>2.8 million ha, accounting for >80% of the total protected horticulture area globally. Chi-
nese solar greenhouses accounted for 29% of the total Chinese horticultural area, effectively
ensuring an annual stable supply of agricultural products, such as vegetables, fruits, and
flowers, in northern China [2]. Areas of northern China that feature a cold climate result in
winter irrigation water being colder than the minimum irrigation temperature required for
plant growth [3]. Furthermore, practical irrigation water-warming measures in actual pro-
duction are lacking. Therefore, improving irrigation water-heating technology to solve the
issue of low-temperature stress of Chinese solar greenhouse crops and improve greenhouse
production efficiency is of great significance to horticultural production in cold areas.

Temperature is the microclimate factor that affects crop growth the most in Chinese
solar greenhouses [4], and root zone temperature has a greater effect on plant stress than
air temperature [5]. Numerous studies have been conducted on root zone temperature reg-
ulation methods and strategies [6–11]. Furthermore, some studies have analyzed the effects
of root zone temperature on crop physiology and ecology [12–15], nutrient absorption [16],
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and yield [15]. Some studies confirmed that root zone temperature regulation positively
affected crop growth [17–19], and the irrigation water temperature was one of the main
factors affecting root zone temperature. Several researchers mainly studied the influence of
warm-water irrigation on flowers and field crops [20,21], and confirmed the significance
of warm-water irrigation for crop growth. For vegetable facilities, warm-water irrigation
research was mainly conducted on leaf vegetable crops [22]. Hooks et al. conducted a hy-
droponic experiment on lettuce in winter [23], and reported that a nutrient solution heating
temperature of 22 ◦C increased the yield by 31.4% compared with no heating, indicating
that increasing the winter root zone temperature positively affected lettuce growth. The
appropriate water supply is the crucial factor for obtaining a high yield and quality of
vegetable crops [24,25], as water regulates the physiological and biochemical state of the
plant under both normal and stressful conditions [26].

The irrigation water-heating measures widely used in production mainly include solar
water pools [27] and burning non-renewable resources [28]. Although the above heating
methods have many applications, they are subject to limitations. For example, building
a solar water pool in a solar greenhouse requires a certain amount of greenhouse land.
Additionally, the tight coverage of the pool raises the water temperature slowly, and the
increase is small, which cannot meet irrigation requirements. The coverage is not exact, and
increases the greenhouse air humidity, which easily induces high-humidity diseases. Some
heating devices heat irrigation water through electric heating or burning non-renewable
resources. Although the heating capacity is strong and the heating speed is fast, the cost
is high, which is not conducive to energy saving and environmental protection. Further-
more, the irrigation water-heating system (IWHS) based on solar photovoltaic/thermal
technology [29] has good overall performance but high investment and maintenance costs.

The greenhouse air temperature is relatively high at approximately noon in winter, and
contains abundant air heat energy [30]. Many researchers have used water as a medium
to collect air excess heat and solar energy and have designed various greenhouse heat-
collection devices [31,32]. The air excess heat heating technology of solar greenhouses
includes the Earth–gas heat exchange system [33] and air waste heat pump technology [34],
which can store excess greenhouse heat during the day through “peak cutting and valley
filling” and is used to increase the root zone temperature and air temperature. Based on the
above research, this experiment used greenhouse air excess heat and insulation technology
to improve the solar greenhouse irrigation water temperature in winter and spring to
develop a suitable IWHS.

Therefore, this study proposed an IWHS. This experiment screened the wind speed,
height, and other process parameters of the heat exchange device, and analyzed the system
application effect on lettuce to determine the best IWHS process parameters and explore the
effects of the IWHS on lettuce growth. It is hoped that a new method and practical reference
for warm-water irrigation of solar greenhouse lettuce in winter will be established.

2. Results and Analysis
2.1. Effects of Different Wind Speeds on the Heating Effect of the System

Wind speed is an important factor affecting heat transfer, and the appropriate wind
speed determines the heat-collection performance of the system. This experiment used
three wind speeds in the screening test. The heat-collection capacity of the system increased
with the increase in wind speed when the temperature was higher on five sunny days, and
the run time was 3.0 h. At wind speeds of 2.3, 3.4, and 4.5 m/s, the average daily increase
was 7.7, 8.3, and 8.6 ◦C, respectively (Table 1). Compared with the wind speeds of 2.3 and
3.4 m/s, the 4.5 m/s wind speed increased the water temperature by 11.7% and 3.6%,
respectively. The faster wind speed increased the system ventilation volume, promoted the
rapid exchange of more heat, and improved the system heating capacity.
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Table 1. The effects of different wind speeds on the heating effect of IWHS.

Date Working Time
Initial Water Temperature (◦C)~
Final Water Temperature (◦C)

2.3 m/s 3.4 m/s 4.5 m/s

5 December 11:30~14:30 9.4~17.0 9.5~17.5 9.3~17.5
8 December 10:30~13:30 10.6~17.5 10.5~17.8 10.4~18.3

12 December 11:00~14:00 11.5~20.9 11.6~21.6 11.7~22.1
13 December 10:50~13:50 12.4~18.7 12.3~19.1 12.2~19.3
14 December 10:20~13:20 10.9~19.2 10.8~20.0 10.8~20.4

2.2. Effects of Heat Exchangers of Different Heights on the Heating Effect of the System

Due to the influence of the solar greenhouse back roof and insulation quilt, the distri-
bution of solar radiation and air temperature at different heights near the back wall of the
greenhouse varied. Therefore, it was important to screen the heat exchanger height. When
the system ran for 4.5~6.0 h in the maximum daily temperature period, the heat-collection
performance of the system was Th3 > Th2 > Th1. The Th1, Th2, and Th3 water temperatures
increased by an average of 9.0, 10.0, and 10.6 ◦C, respectively (Table 2). The Th3 water
temperature increased by 17.8% and 6.0%, respectively, compared with that of Th1 and
Th2, and the Th3 water temperature at the end of the operation could reach 22.0~32.2 ◦C.
On 31 October 2022, reducing greenhouse ventilation achieved a maximum water temper-
ature of 32.2 ◦C. Thus, the system heat-collection efficiency was improved by reducing
ventilation without affecting normal crop growth. However, the Th1 total solar radiation
was 2.4 and 1.2 times that of Th3 and Th2, respectively, and the system heat-collection ratio
was opposite to that of the heat system collection, indicating that solar radiation did not
significantly affect the system heat collection. The air inlet temperature at different heights
was monitored on 19 November. The average inlet air temperatures of Th1, Th2, and Th3
were 22.2, 22.9, and 23.4 ◦C, respectively, which positively correlated with the temperature
rise. Therefore, the heat exchanger placement height should be determined according to
the air temperature distribution and plant height and should be placed in the middle and
upper part of the ridge height direction.

Table 2. Effect of different heights of heat exchangers on the heating effect of IWHS.

Data Working
Time

Initial Water Temperature (◦C)~
Final Water Temperature (◦C)

Total Amount of Solar
Radiation (MJ) η

Bottom
Th1

Middle
Th2

Top
Th3

Bottom
Th1

Middle
Th2

Top
Th3

Bottom
Th1

Middle
Th2

Top
Th3

31 October 8:30~14:30 16.6~29.9 16.6~31.5 16.5~32.2 6.9 5.6 2.3 0.8 1.1 2.7
12 November 10:00~14:30 14.7~21.7 14.3~21.7 14.3~22.0 3.9 3.3 1.5 0.7 0.9 2.0
14 November 9:30~14:30 13.9~22.7 13.7~23.5 13.6~24.2 7.4 6.2 3 0.5 0.6 1.4
15 November 9:00~14:30 14.7~21.6 14.1~22.2 14.1~22.6 6.4 5.4 3.1 0.4 0.6 1.1
19 November 9:00~14:00 13.5~22.3 13.0~22.8 13.0~23.5 7.4 5.9 3.4 0.5 0.7 1.2

Note: Th1, the heat exchanger is 0 m from the ground; Th2, the heat exchanger is 1.5 m from the ground; Th3, the
heat exchanger is 3.0 m from the ground.

2.3. Effects of Heat Exchanger Surface Darkening on the System Heating Effect

Figure 1 depicts the system water temperature change after the heat exchanger surface
was darkened. There was a small difference (0.1 ◦C) in the water temperatures between the
darkened and undarkened surfaces. This analysis revealed that the low air temperature at
the fan outlet resulted in a low device surface temperature, and the water did not effectively
absorb the solar radiation.

2.4. Changes in IWHS Water Temperature in Lettuce Greenhouses

The water temperature changes of the IWHS in the lettuce greenhouse during four
consecutive sunny days (28 January to 31 January 2023) were selected for analysis. Figure 2
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demonstrates that the minimum and maximum greenhouse indoor air temperatures during
this period were 3.8 ◦C and 29.0 ◦C, respectively, and there was a period when the indoor
temperature was lower than the minimum growth temperature requirement of lettuce. In
the morning, the indoor air temperature rises. The IWHS water temperature gradually rises
when the IWHS meets the control strategy and begins operating. The water temperature
increase rate slows when the difference between the air and water temperatures decreases.
The average IWHS maximum water temperature for four days was 23.2 ◦C, reaching
the suitable water temperature for lettuce irrigation, which is 11.2 ◦C higher than that
of unheated water. Due to normal greenhouse ventilation, the indoor temperature was
above 26.0 ◦C for a short time at noon, and IWHS heating capacity was limited. The indoor
temperature decreased as the solar radiation intensity decreased, and the system stopped
operating. When the IWHS stopped, the water temperature decreased by 2.8~3.1 ◦C per
day, indicating that the thermal insulation tank capacity was limited. The thermal insulation
capacity can be improved by increasing the thermal insulation cotton thickness.
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Figure 1. The system water temperature change after the heat exchanger surface was darkened. Tb,
the system with darkened heat exchanger; CK, the system with undarkened heat exchanger.
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Figure 2. Changes in IWHS water temperature in lettuce greenhouses under sunny conditions.
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2.5. Heat-Collection Performance of IWHS in Lettuce Greenhouse

The IWHS heat-collection capacity and overall energy consumption were calculated
using the test data of four sunny days during the test period (Table 3). The system heat-
collection capacity was 5.60~10.90 MJ and the average COP was 3.07. On 19 January 2023,
the initial water temperature was higher and the system heat collection was lower due to
the higher air temperature that day resulting in a higher COP than that in other periods.

Table 3. IWHS heat-collection performance of lettuce greenhouse.

Date Working
Time

Working
Hours (h)

Initial Water Temperature
(◦C)~Final Water
Temperature (◦C)

Water
Temperature

Rise (◦C)

Heat
Collection

(MJ)
COP

8 December 11:00~14:30 3.50 14.4~23.1 8.7 10.90 2.06
29 December 12:42~15:12 2.50 11.8~20.3 8.5 10.60 2.96

7 January 14:10~16:20 2.17 11.9~19.2 7.3 9.10 2.79
19 January 12:50~13:40 0.83 18.0~22.5 4.5 5.60 4.47

2.6. Effects of Warm-Water Irrigation on Lettuce Soil Temperature

Figure 3 depicts the effects of warm-water irrigation on the lettuce soil temperature.
The soil temperature data during the irrigation period from 19 January to 20 January 2023
were analyzed. Figure 3 demonstrates that warm-water irrigation increased the lettuce
soil temperature by 4.0 ◦C at most, and the average soil temperature of the experimental
group was 1.2 ◦C higher than that of the control group within 6.0 h of irrigation treatment.
Subsequently, the influence of irrigation water temperature on soil temperature gradu-
ally decreased as the irrigation treatment time increased, and the temperature difference
between the experimental and control groups gradually became consistent.
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Figure 3. Effects of warm-water irrigation on lettuce soil temperature. T, the soil temperature in
warm-water irrigation area; CK, the soil temperature in normal water irrigation area.

2.7. Effects of Warm-Water Irrigation on Lettuce Growth Indexes

Figure 4 depicts the changes in lettuce plant height and stem diameter after warm-
water irrigation. The control area (CK) and test area (T) plant heights exhibited significant
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differences after 35 days of warm-water irrigation. At harvest, the CK and T plant heights
were 20.33 cm and 23.26 cm, respectively, increasing by ~9.6%. The CK and T stem diameters
exhibited significant differences after 42 days of warm-water irrigation. At harvest, the CK
and T stem diameters were 17.07 mm and 17.89 mm, respectively, an increase of ~4.8%. The
results indicated that warm-water irrigation significantly promoted the growth of lettuce
plant height and stem diameter and weakened the stress effect of low temperature on
lettuce growth.
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Figure 4. (a) Effects of warm-water irrigation on lettuce plant height of Lettuce. (b) Effects of warm-
water irrigation on lettuce stem diameter. T, the experimental group plants; CK, the control group
plants. Lowercase letters (a and b) indicate statistical significance by Duncan’s multiple range test
(p < 0.05).

2.8. Effects of Warm-Water Irrigation on Lettuce Root and Leaf Indexes

Table 4 reports the effects of warm-water irrigation on the lettuce root index. The
warm-water irrigation significantly increased the lettuce root surface area, the number of
root tips, the number of leaves, and the leaf area, and T increased by 16.4%, 14.3%, 8.7%,
and 16.7%, respectively, compared with CK. The results demonstrated that warm-water
treatment significantly promoted lettuce root and leaf growth, and improved nutrient and
water absorption.

Table 4. Effects of warm-water irrigation on lettuce root and leaf indexes.

Treatment Root Surface
Area (cm2) Root Tips (No.) Leaves (No.) Leaf Area (cm2)

CK 17.07 ± 0.90 b 757.80 ± 26.83 b 19.71 ± 0.76 b 296.34 ± 17.00 b
T 19.87 ± 1.08 a 866.00 ± 59.86 a 21.43 ± 1.13 a 345.78 ± 14.78 a

Note: T, the experimental group plants; CK, the control group plants. Lowercase letters (a and b) indicate statistical
significance by Duncan’s multiple range test (p < 0.05).

2.9. Effects of Warm-WaterIrrigation on Lettuce Yield

Table 5 reports the effects of warm-water irrigation on lettuce yield. Warm-water
irrigation significantly increased the yield per lettuce plant, which was increased by 15.9%
compared with the control group. The results demonstrated that warm-water treatment
significantly increased the lettuce yield and farmers’ income.
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Table 5. Effects of warm-water irrigation on the yield of lettuce.

Treatment Yield per Plant (g)

CK 238.76 ± 16.98 b
T 276.62 ± 9.99 a

Note: T, the experimental group plants; CK, the control group plants. Lowercase letters (a and b) indicate statistical
significance by Duncan’s multiple range test (p < 0.05).

3. Discussion

In this experiment, continuous monitoring of the water temperature of a small solar
water bucket revealed that it had poor heating capacity and required a long duration,
while nighttime and cloudy days decreased the water temperature rapidly to the initial
water temperature. Yue et al. [35] used a large solar water bucket, and only raised the
water temperature for irrigation in the entire production period of strawberries by 1~2 ◦C,
which also indicated that the solar water bucket had a poor heating capacity. The IWHS
rapidly increased the water temperature for irrigation, and the water storage barrel has a
thermal insulation effect in low-temperature environments with less heat loss. The process
parameter screening experiment of the system determined that the faster wind speed
increased the system ventilation volume, promoted the rapid exchange of more heat, and
improved the system heating capacity. However, higher wind speeds result in redundant
work by the system, reducing the system coefficient of performance (COP) and adversely
affecting normal crop growth [36]. Therefore, the experiment did not conduct a larger wind
speed optimization test. The total solar radiation was not positively correlated with the
system heat-collection efficiency, but was directly proportional to the air temperature of the
fan air inlet. The analysis revealed that the heat exchanger surface temperature was low
due to the cold wind blowing out after heat exchange with cold water on the outer surface
of the heat exchanger, and the heat absorbed by solar radiation on the heat exchanger
surface was rapidly lost without exchanging with water. Even darkening the device surface
did not increase the system surface temperature to allow heat exchange with water.

Preliminary testing of the IWHS heat-collection performance revealed that the lettuce
greenhouse system COP was 3.07, while Song et al. [37] reported that the average COP of
the thermal collecting and releasing system developed with fan-coil units was 7.5. The main
reason for this was that different amounts of water were heated, and more water could
maintain a larger difference between water temperature and air temperature, resulting in
higher heat-collection efficiency. In the initial heat-collection stage, the test system COP was
also >10. The heat-collection efficiency decreased as the temperature difference between
water and air decreased, and the COP gradually decreased, resulting in a low overall
heat-collection COP. Furthermore, the maximum greenhouse air temperature during heat
collection was 27.4 ◦C, which was lower than the 33.7 ◦C of the greenhouse reported by
Song et al. [37]. Additionally, the water flow rate positively correlated with the system
heat-collection performance. A larger water flow rate resulted in a larger heat-collection
power and COP of the system. The maximum water flow rate in this test was 0.59 m/s,
which was lower than that of the other side (1.2 m/s). The analysis of the application effect
of warm-water irrigation on lettuce determined that the test results were consistent with
previous studies that used warm-water irrigation to promote tomato and cabbage growth.
These analysis findings may be because warm-water irrigation promotes the absorption
of soil nutrients by plants, thereby promoting growth [16]. Furthermore, the influence of
warm-water irrigation on the soil temperature of lettuce was consistent with the study of
Deng et al. [38].

Previous studies reported that the optimal COP of electric hot water was ~0.9. If
100 m3 of irrigation water must be heated by 15 ◦C during the winter production period,
the electric heating method requires 1933 KW·h electricity, while the IWHS only requires
567 KW·h electricity. The agricultural electricity price in Shaanxi Province is approximately
0.5 RMB/(KW·h), implying savings of 683 RMB. The system heat-collection efficiency can be
improved by reducing the greenhouse ventilation duration to reduce heat loss and improve
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the device performance without affecting normal crop growth. Due to the relatively low
irrigation frequency in winter, subdivision irrigation can also reduce equipment input. The
system fan has an active air exchange function, and the heat exchanger has a heat release
function. Subsequent research can integrate the heat collection, heat release, and active
dehumidification functions of the fan to improve its functionality and economy.

Although a suitable irrigation water temperature benefits plant growth, a new de-
vice application necessitates systematic research, establishing relevant basic databases for
different plants, growth stages, and environmental temperatures, and studying the most
energy-efficient operation strategy and most efficient irrigation measures to improve the
system application effect. Follow-up research should examine the temperature field and
water spatial distribution characteristics of the root zone under warm-water irrigation
for different cultivation modes, such as soil, substrate, and coconut bran cultivation, and
establish the corresponding mathematical models. In addition, we also need to study
optimal control strategies for root zone temperature and air temperature to provide a more
suitable growth environment for plants, reduce the impact of low temperature stress on
plant growth, and promote increased yields and income [39].

4. Materials and Methods
4.1. The IWHS

The IWHS comprises a heat exchanger, a control electric box, water circulation pipes,
a water pump, and a heat preservation storage bucket (Figure 5). The water in the heat
exchanger flows from the bottom mouth to the upper mouth. In the high temperature
period in the solar greenhouse, the fan and circulating water pump operate simultaneously
under the condition of meeting the control strategy. As the air temperature is higher than
the water temperature, the heat stored in the air is transferred to the water by forced
convection heat transfer in the heat exchanger to heat the irrigation water in the thermal
storage bucket.
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4.2. IWHS Process Parameter Screening
4.2.1. Experimental Greenhouse

The IWHS process parameter screening was conducted from 31 October to 21 Decem-
ber 2022, in the horticulture field of Northwest A&F University, Yangling District, Shaanxi
Province (34◦17′ N, 108◦05′ E). The Chinese solar greenhouse spanned 10.5 m, the east–west
length was 15.0 m, and the ridge height was 5.8 m. The rear gravel wall was 3.6 m high.

4.2.2. Experimental Method

• Monitoring of Water Temperature in Solar Water Buckets in the Chinese Solar Greenhouse

The experiment placed a polypropylene polymer (PP) bucket in the middle of the
ground of the greenhouse. The bucket volume was 120 L and the bucket contained 100 L of
water. The water temperature in the middle of the bucket was determined using a PT100
temperature sensor at 10 min collection intervals. The test monitored the water temperature
change in the small solar water bucket (Figure 6). At a maximum indoor air temperature of
26.6 ◦C and minimum air temperature of 4.4 ◦C, the water temperature in the solar water
bucket increased from the highest 11.6 ◦C on the first day to 14.7 ◦C for five consecutive
days, and the average water temperature increased by 1.9 ◦C during the day and decreased
by 1.2 ◦C at night. When the water temperature decreased to 11.7 ◦C after a cloudy day, it
was only 0.1 ◦C higher than the highest water temperature on the first day, and the increase
rate was slow; this was easily affected by low-temperature weather, and it was difficult to
reach the appropriate irrigation water temperature. Simultaneously, the small amount of
test water resulted in a faster heating rate, while the heating rate in the large solar water
bucket was slower, and it was more difficult to meet the required irrigation requirements.

Plants 2024, 13, x FOR PEER REVIEW  9  of  15 
 

 

4.2. IWHS Process Parameter Screening 

4.2.1. Experimental Greenhouse 

The IWHS process parameter screening was conducted from 31 October to 21 De-

cember 2022,  in  the horticulture field of Northwest A&F University, Yangling District, 

Shaanxi Province (34°17′ N, 108°05′ E). The Chinese solar greenhouse spanned 10.5 m, the 

east–west length was 15.0 m, and the ridge height was 5.8 m. The rear gravel wall was 3.6 

m high. 

4.2.2. Experimental Method 

 Monitoring of Water Temperature in Solar Water Buckets in the Chinese Solar Green-

house 

The experiment placed a polypropylene polymer (PP) bucket  in the middle of  the 

ground of the greenhouse. The bucket volume was 120 L and the bucket contained 100 L 

of water. The water temperature in the middle of the bucket was determined using a PT100 

temperature sensor at 10 min collection intervals. The test monitored the water tempera-

ture change in the small solar water bucket (Figure 6). At a maximum indoor air temper-

ature of 26.6 °C and minimum air temperature of 4.4 °C, the water temperature in the solar 

water bucket increased from the highest 11.6 °C on the first day to 14.7 °C for five consec-

utive days, and the average water temperature  increased by 1.9 °C during the day and 

decreased by 1.2 °C at night. When  the water  temperature decreased  to 11.7 °C after a 

cloudy day, it was only 0.1 °C higher than the highest water temperature on the first day, 

and the increase rate was slow; this was easily affected by low-temperature weather, and 

it was difficult to reach the appropriate irrigation water temperature. Simultaneously, the 

small amount of test water resulted in a faster heating rate, while the heating rate in the 

large solar water bucket was slower, and it was more difficult to meet the required irriga-

tion requirements. 

 

Figure 6. The water temperature changes in the solar water bucket in the solar greenhouse. 

 Screening of IWHS Fan Speed 

The fan wind speed screening test used three sets of systems to set the wind speeds 

of 2.3, 3.4, and 4.5 m/s (two repetitions, five consecutive measurements at each time point, 

and  the  average value was  taken), and other  conditions were  consistent. The heat  ex-

changer was a harmonica-type, and the overall size was 500 mm × 600 mm × 50 mm. The 

polypropylene random (PPR) water circulation pipe had a diameter of 32 mm. The pump 

flow rate was 27 ± 1 L/min. The thermal insulation storage buckets were covered with 10 

mm thick thermal insulation cotton with aluminum foil on the exterior. 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

12/5 12/6 12/7 12/8 12/9 12/10 12/11 12/12

T
em

p
er
at
u
re
/°
C

Time

Air temperature Water temperature

Figure 6. The water temperature changes in the solar water bucket in the solar greenhouse.

• Screening of IWHS Fan Speed

The fan wind speed screening test used three sets of systems to set the wind speeds
of 2.3, 3.4, and 4.5 m/s (two repetitions, five consecutive measurements at each time
point, and the average value was taken), and other conditions were consistent. The heat
exchanger was a harmonica-type, and the overall size was 500 mm × 600 mm × 50 mm.
The polypropylene random (PPR) water circulation pipe had a diameter of 32 mm. The
pump flow rate was 27 ± 1 L/min. The thermal insulation storage buckets were covered
with 10 mm thick thermal insulation cotton with aluminum foil on the exterior.

• Screening of IWHS Heat Exchange Device Height
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The air temperature and solar radiation intensity vary at different times and spatial
locations within the greenhouse. Therefore, process parameter screening for different heat
exchanger heights was conducted. The heat exchanger was positioned at the midpoint
of the greenhouse length, 1.5 m from the back wall. The heights were set at 0, 1.5, and
3.0 m above the ground. The water flow rates for all three heights were maintained at
27 ± 1 L/min and with a wind speed of 4.5 m/s. Figure 7 depicts the side view of the
experimental measurement points.
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• Screening of IWHS Heat Exchanger Surface Color

The surface color screening test of the heat exchanger involved darkening the outer
surface of the device with black paint (experimental group), and the control group was
the undarkened surface. The other conditions were the same; the distance between the
system and the north wall was 1.2 m, and the influence of the system position was ignored
to examine the influence of the device surface darkening on the temperature-increase effect
of the system.

4.2.3. Relevant Sensor Testing

The PT100 platinum thermal resistance temperature sensor was used to measure
the test greenhouse air temperature (1.5 m above the ground), the water temperature in
the middle of each water bucket, and the fan inlet air temperature. The PT100 platinum
thermal resistance temperature sensor data were collected using a TCP-518D temperature
acquisition module (Gekong Electronics, Beijing, China). The total solar radiation on the
heat exchanger surface was measured using the total solar radiation sensor. Water flow was
measured using an electronic fuel meter, while the fan operating wind speed was measured
using a smart anemometer (Table 6).

4.3. Application Effect Test of IWHS in Lettuce Cultivation
4.3.1. Experimental Greenhouse

The IWHS was used to study the application of warm-water irrigation on lettuce in
the Chinese solar greenhouse of Modern Agriculture Innovation Park in Yangling District,
Shaanxi Province (34◦30′ N, 108◦03′ E) from 7 December 2022 to 7 February 2023. The
greenhouse runs east–west, with a length of 48 m, clear span of 9.6 m, ridge height of
5.0 m, sinking depth of 0.4 m, and rear wall height of 4.0 m. The wall is made of clay brick
masonry, and the front greenhouse roof is covered by thermal insulation at night. During
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the test, natural ventilation was achieved using bottom- and top-rolled film ventilation
windows. The insulation was lifted at around 08:30 in the morning and dropped at around
5:00 pm. Figure 8 depicts the section diagram of the experimental greenhouse.

Table 6. Detailed monitoring instruments information.

Measurement
Metrics Instrument Model Measurement

Range Accuracy Manufacturer

Air and water
temperature

PT100 platinum
thermal resistance

temperature sensor
WZP-GZPT-A −50~200 ◦C 0.1 ◦C

Guizhong
Technology,

Guizhong, China

Total solar
radiation on heat
exchanger surface

Total solar radiation
sensor RS-RA-I20-AL 0~1800 W/m2 1 W/m2 Jianda Renke,

Jinan, China

Circulating pipe
water flow

AWT Electronic fuel
meter / 9~100 L/min ±0.5% Xier Technology,

Hangzhou, China

Fan wind speed Smart anemometer AS836 0.3~45 m/s ±3%
Wanchuan
Electronic,

Qingdao, China
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4.3.2. Experimental Method

In the system application effect experiment, the test material was loose-leaf lettuce
of the variety GRAND RAPIDS TBR. Three-leaf, one-core seedlings of robust growth and
uniform size were selected for planting on 7 December 2022. A single cell area was 12.75 m2

(1.5 m × 8.5 m), and the plants were spaced 30 cm × 30 cm apart (Figure 9). Three cells
were established in each T and CK area, and one cell was established at the junction as the
quarantine area. Soil cultivation and drip irrigation were used; the irrigation strategy was
artificial irrigation under sunny conditions according to weather conditions. The water
temperature in the experimental group was ≥23 ◦C, and the management measures were
the same except for the different irrigation water temperatures. According to Li et al. [40],
the optimal lettuce root zone temperature is 22~25 ◦C. The system operation mode was set
as follows: the system operated when the air and water temperature controllers detected
that the air temperature and the water temperature of the water storage bucket were
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>26 ◦C and <23 ◦C, respectively. The water flow and hot air circulated for rapid heat
exchange, and the water temperature continued to rise. The system ceased operating when
the temperature controllers detected that the water temperature was >24 ◦C or the air
temperature was <25 ◦C.
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4.3.3. Relevant Sensor Testing

The PT100 platinum thermal resistance temperature sensor was used to measure the
water temperature in the middle of the water body of the bucket, the soil temperature of test
area T and control area CK (10 cm depth), and the air temperature of the test greenhouse
(1.5 m from the ground). The water flow was measured using the AWT electronic fuel
meter, and the fan operating wind speed was measured using the smart anemometer.

The plant height (the distance from the base of the stem to the highest point), and the
maximum leaf length and leaf width, of the lettuce were measured with a tape measure,
the stem diameter was measured with a vernier caliper, and the number of leaves on each
plant was recorded. During the harvest, five whole plants were randomly selected for each
treatment, the water from the leaf surface and root system was dried, and the yield of each
plant was determined using an electronic balance. The roots from the different treatments
were rinsed with deionized water, the roots were scanned using a color image scanner, and
the images were stored. The root growth index was analyzed using root analysis software
(Table 7).

Table 7. Detailed measuring instruments information.

Instruments/Software Model Measurement Range Accuracy Manufacturer

Tape measure GW-580E 0~5 m 0.1 mm Great Wall Seiko, Ningbo, China
Vernier scale / 0~150 mm 0.01 mm Meinaite, Jinhua, China

Electronic balance BSA224S 10 mg~220 g 0.1 mg Sartorius, Zhangjiang, China
Color image scanner J221 / / EPSON, Sakata, Japan;

Regent, Vancouver, BC, CanadaRoot analysis software
(WinRHIZO Pro 2012a) STD4800 / /

High precision electronic scale rz-53 0.1 g~3.0 kg 0.1 g Daming Technology, Beijing, China

4.4. Relevant Correlation Formula

The system heat collection QC was mainly expressed by the heat stored in the water
storage tank and calculated as follows:

QC = ρwCwV∆t (1)

where ρw is the water density in the storage bucket, 1000 kg/m3; Cw is the specific heat
capacity of water, 4183 J/(kg·◦C); and V is the water tank volume (m3). The water quantity
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in the performance optimization test was 400 L, and the water quantity in the bucket in the
lettuce test was 300 L. ∆t indicates the change in the initial and end water temperatures of
the IWHS.

Qe represented the overall system energy consumption and was determined as follows:

Qe = (P wp + PDF

)
∆t (2)

where Pwp is the power of the water pump (W), PDF is the fan power (W), and ∆t is the
system operating time.

Qs represented the total amount of solar radiation received by the heat exchanger
surface (W/m2) and was calculated as follows:

Qs = ∆tAIi (3)

where Ii is the instantaneous solar radiation received by the plate surface at time i (W/m2);
and A is the total area of the heat exchanger (m2), 0.3.

COP is commonly used to evaluate the energy consumption of a heat-collecting system
and was derived as follows:

COP =
Qc
Qe

(4)

η is the heat-collection ratio, which indicates the ratio of the heat collected by the heat
exchanger (the heat stored in the water storage tank) to the solar radiation energy incident
on its surface and was calculated as follows:

η =
Qc
Qs

(5)

5. Conclusions

In this study, the irrigation water-heating system (IWHS) process parameters were de-
signed and screened, and the system application effect on lettuce cultivation was analyzed.
The results demonstrated that the average daily water temperature increased by 7.7, 8.3,
and 8.6 ◦C under wind speeds of 2.3, 3.4, and 4.5 m/s, respectively. The system heating
capacity was highest at a wind speed of 4.5 m/s. When the heat exchanger was 3.0 m above
the ground, the heating capacity increased by 17.8% and 6.0% compared with the change at
0 and 1.5 m, respectively, the operation termination water temperature was 22.0~32.2 ◦C,
and the heating capacity and COP were optimal. Darkening the heat exchanger surface did
not affect the system heat-collection capacity. Using IWHS effectively improved the lettuce
irrigation water temperature. The system COP was 3.07 in the lettuce greenhouse, and the
increased frequency of warm-water irrigation significantly promoted lettuce growth and
increased the yield per plant by 15.9%. Further optimization and system improvement are
expected to be applied in practical production.
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Abstract: The vegetable plug seedling plays an important role in improving vegetable production.
The process of plug seedling contributes to high-quality vegetable seedlings. The substrate com-
position and chemical fertilizer are widely studied to promote seedling growth. However, little is
known about the effect of beneficial bacteria in the rhizosphere microbial community and vegetables’
growth during plug seedling. The use of beneficial microbes to promote vegetable seedling growth is
of great potential. In this study, we showed that the Serratia marcescens strain LYGN1 enhanced the
growth of cucumber and pepper seedlings in plug seedling cultivation. The treatment with LYGN1
significantly increased the biomass and the growth-related index of cucumber and pepper, improving
the seedling quality index. Specifically, LYGN1 also improved the cucumber and pepper root system
architecture and increased the root diameter. We applied high-throughput sequencing to analyze the
microbial community of the seedlings’ rhizosphere, which showed LYGN1 to significantly change
the composition and structure of the cucumber and pepper rhizosphere microbial communities. The
correlation analysis showed that the Abditibacteriota and Bdellovibrionota had positive effects on
seedling growth. The findings of this study provide evidence for the effects of Serratia marcescens
LYGN1 on the cucumber and pepper rhizosphere microbial communities, which also promoted
seedling quality in plug seedling cultivation.

Keywords: Serratia marcescens; cucumber; pepper; microbial community; seedlings growth

1. Introduction

Vegetable plug seedling could significantly improve seedling quality, having become
the widely used way to produce vegetable seedlings [1,2]. Plant growth is often limited
by diverse biotic and abiotic stress [3]. For dealing with these environmental pressures
in vegetable cultivation, the improvement of plant seedlings quality becomes more and
more important. According to the statistics, China produces up to 350 billion plants of
professional plug seedlings annually [4], and approximately 60% of the world’s vegetable
varieties currently use plug seedling technology [2]. Thus, due to the fact that the demands
for vegetable yield and quality are getting higher, researchers are now seeking effective
methods to enhance seedling quality.

Cucumber (Cucumis sativus L.) is a worldwide cultivated crop which is affected by
numerous factors, including temperature, relative humidity, irrigation, fertigation, and
disease incidence [5]. Therefore, cucumber plug seedlings are widely used in the im-
provement of cucumber quality and yield [6]. The plug seedling cultivation of pepper
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(Capsicum annuum L.) also plays a vital role in improving pepper growth and yield after be-
ing transformed into soil cultivation [1]. The plant growth-promoting rhizobacteria (PGPR)
showed beneficial effects on plant growth [7,8] and also contributed to plant response
under different environmental stress [9–11]. They can promote plant growth, increase
plant biomass, maintain soil fertility, and protect the plant from phytopathogens. PGPR
have been increasingly used in vegetable seedling cultivation, proving to improve seed-
ing growth and promote disease inhibition [12]. There still is knowledge gap about the
consequences of the application of PGPR on the rhizosphere microbial community and
seedling growth in plug seedling cultivation. Serratia marcescens is a genetically diverse
species which include rhizobacteria with high potential to alleviate biotic stress [13]. The
strain of Serratia marcescens in this paper was isolated from the cucumber rhizosphere of
plants which were grown in a cucumber–amaranth intercropping system [14]. In previous
studies, the Serratia marcescens NBRI1213 and S-JS1 were respectively observed to promote
plant growth and alleviate biotic stress in betelvine [15] and rice [16]. The genomic study
of the Serratia marcescens strain showed the potential to be used in plant growth promotion
or as bioinoculants in agricultural cultivation [17]. Several reports have shown that the ap-
plication of PGPR, including Serratia sp., promotes plant growth and yield of economically
important crops [18,19], suggesting the potential of bacteria of this species to improve plant
growth in seedling production.

Specific PGPR showed beneficial effects on plant growth, but there is still very little
research conducted in plug seedlings cultivation using artificial cultivation substrates. Target-
ing the requirements for high-quality seedlings in cucumber and pepper cultivation, special
attention should be paid to the application of PGPR, which play critical roles in plant growth.
This study was conducted to evaluate the effects of LYGN1 on seedling quality, as well as on
the cucumber and pepper rhizosphere microbial community in plug seedling cultivation.

2. Materials and Methods
2.1. Plant Material and Bacterial Strain

Cucumber (Cucumis sativus L. cv. ‘Zhongnong 62’) and pepper (Capsicum annuum L.
cv. ‘Shifeng 802’) were used in the experiment. All seeds were sterilized using 70% ethanol
and 3% sodium hypochlorite solution and rinsed with sterile water [20]. Serratia marcescens
LYGN1 was isolated from the rhizosphere of cucumber in the cucumber–amaranth inter-
cropping system. The strain was deposited at the China General Microbiological Culture
Collection Center (CGMCC) under the accession number CGMCC No. 27660.

2.2. Experimental Design

The experiment was carried out in a controlled-environment greenhouse at the experi-
mental station of Linyi University, located in the city of Linyi, Shandong Province, China.
The cucumbers and peppers were planted in a substrate consisting of peat, vermiculite,
and perlite at a ratio of 2:1:1. A single colony was selected in an LB liquid culture medium
and incubated overnight at 37 ◦C to obtain a bacterial suspension. The absorbance of the
bacterial suspensions was measured by a spectrophotometer and adjusted to 1 (OD600) with
a sterile LB medium. The germinated cucumber and pepper seeds were sown in 50-hole
trays, which are specifically used for seedling cultivation.

The seedlings of cucumber and pepper were treated with the bacterial suspension
of LYGN1 when the cotyledon fully expanded. The bacterial suspension was applied to
cucumber and pepper by irrigating it into the root-zone area, with every seedling being
irrigated with 20 mL of bacterial suspension [21].

2.3. Sampling and Determination of Seedlings Growth

Two time points during the cucumber and pepper seedlings growth were selected.
For cucumber, we sampled the cucumber seedlings at 20 and 25 days after inoculation
with bacterial suspensions and 44 and 53 days for pepper seedlings. For every treatment,
six individual seedlings were sampled to measure the different index. First, the plant
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height was measured using measuring tape, and the stem thickness was determined by
measuring the diameter of the stem base. The total leaf area of peppers was scanned
by a scanner (EPSON V800, Seiko Epson Inc., NKS, Tokyo, Japan) and analyzed using
software WinRHIZO (LC4800-II LA2400, Sainte Foy, QC, Canada). The cucumber total
leaf area was approximated by the product of the measured leaf length, leaf width, and
correction factor [22]. The seedlings’ biomass was divided into the shoot biomass and root
biomass, which were separately oven-dried at 80 ◦C until constant weight. The growth
rate of cucumber and pepper was calculated by the dividing the change in biomass weight
by the number of days for each interval for both cucumber and pepper. Root–shoot ratios
were determined by dividing root biomass by shoot biomass. The SPAD chlorophyll
values of seedling leaves were measured using a chlorophyll meter, SPAD-502 plus (Konica
Minolta, Tokyo, Japan). The seedling vigor index of cucumbers and peppers was calculated
according to previous research [23], as follows:

Seedlings vigor index = TDW/(PH/SD + SDW/RDW)

where TDW, SDW and RDW present total dry weight (g), shoot dry weight (g) and root
dry weight (g), respectively; and PH and SD are plant height (cm) and stem diame-
ter (mm), respectively.

2.4. Root System Architecture Analysis

For the cucumber and pepper root architecture analysis, the cucumber and pepper
seedlings at two time points at the end of the experimental trial were carefully extracted from
the substrate, scanned using a scanner (EPSONV 800), and analyzed by software WinRHIZO.
For each species, the following root architecture measurements were measured: total root
length, the number of root tips, average root diameter, and the total root surface area.

2.5. Microbial Community of Cucumber and Pepper Rhizosphere

The rhizosphere microbial community genomic DNA of cucumber and pepper was
extracted and purified from about 400 mg substrate using the PowerSoil DNA isolation kit
(QIAGEN Inc., Santa Clarita, CA, USA). The primers 515F (5′-GTGCCAGCMGCCGCGGTAA-
3′) and the reverse primer 806R (5′-GGACTACHVGGGTWTCTAAT-3′) [17,24], as well as
the primers ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and the reverse primer ITS2R
(5′-GCTGCGTTCTTCATCGATGC-3′) were used to amplify the 292 bp fragment of the V4
region in the 16S rRNA gene and for the amplification of the 300 bp fragment of the fungal
ITS gene [18,25], respectively. PCR was performed under the following conditions: 95 ◦C for
3 min, followed by 27 cycles at 95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 45 s, with a final
extension at 72 ◦C for 10 min. The sample libraries for sequencing were prepared according to
the MiSeq Reagent Kit Preparation Guide (Illumina, Inc., San Diego, CA, USA) and sequenced
using the Illumina MiSeq platform. The high-throughput sequencing was performed by
Majorbio (Shanghai Majorbio Bio-pharm Technology Co., Ltd., Shanghai, China).

Illumina sequences of 16S and the ITS were processed and sequentially quality-filtered
using Fastp (version 0.19.6) [26]. Pair-end reads were merged with a minimum overlap
using Flash (1.2.11) [27]. After removing chimeric sequences, the remaining sequences were
binned into operational taxonomic unit (OTU) with 97% similarity and the representative
sequence for each OTU was taxonomically classified via the Ribosomal Database Project’s
classifier [28], the SILVA database (version 138) [29] for bacteria, and the UNITE (version
8.0) for fungi [30]. All OTUs identified as belonging to chloroplast and mitochondria were
removed from the data set. Then, the representative sequences for each OTU were aligned
using PyNAST [31] in QIIME [32] and carried out by Uparse software (version 11) [33].

2.6. Statistical Analysis

The data of seedlings growth were subjected to analysis using Student’ t-test, carried
out by SPSS 26.0. To avoid the bias caused by different sequencing depths, the least number
of obtained sequences from all microbial samples was used for normalization. The Shannon
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index, Chao1, and the Simpson index were applied to directly compare the α-diversity of
the root-zone soil microbial community. Non-metric multidimensional scaling was used to
assess the β-diversity of the microbial community. The rhizosphere microbial community
data were analyzed using the online platform Majorbio Cloud Platform (www.majorbio.
com, accessed on 19 January 2023). For correlation analysis, Pearson product–moment
correlation coefficient (Pearson’s r) analysis was performed. The raw sequencing data of the
bacteria and fungi were submitted into the NCBI Sequence Read Archive (SRA) database
(Accession Number: PRJNA1051178).

3. Results
3.1. The Cucumber and Pepper Seedling Traits and Root Morphology

The application of LYGN1 had the same trends in the biomass accumulation of cu-
cumber and pepper. The shoot and root biomass of cucumber were significantly increased
after being inoculated with the bacterial suspensions (p < 0.001) (Figure 1). In this study,
the shoot and root were sampled at two timepoints following the cucumber and pepper
growth. Positive effects of LYGN1 application on seedling biomass accumulation were
observed at two sampled timepoints (Figure 1). As showed in the representative picture
of cucumber and pepper seedlings at 25 and 53 DAI, respectively, the seedlings treated
with LYGN1 were obviously larger than the control (CK) treatments (Figure 1a,b). We also
measured several growth indexes in cucumber and pepper plants to evaluate the effects of
LYGN1 application. Through many plant traits, we demonstrated that the effect of plant
growth promotion was strongly induced in the LYGN1 treatment group (Figure 2). The
plant height and stem diameter were both significantly improved under LYGN1 treatment,
which showed a great promoting effect. Meanwhile, the growth rate of cucumber and
pepper seedlings was significantly higher in the LYGN1-treated plants, which also had
the higher chlorophyll fluorescence (SPAD). Taken together, LYGN1 treatment enhanced
biomass accumulation and promoted seedling growth.
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Figure 1. Effects of LYGN1 treatment on cucumber and pepper biomass accumulation and seedlings 

vigor index. CK: control; LYGN1: cucumber and pepper seedlings treated with Serratia marcescens 

LYGN1; DAI: days after inoculation. Representative pictures of cucumber (a) and pepper (b) 

seedlings treated with control and LYGN1, scale bar: 5 cm. The biomass of shoot (c) and root (d), 

and the seedlings vigor index (e) in cucumber seedlings. The biomass of shoot (f) and root (g), and 

the seedlings vigor index (h) in pepper seedlings. Data are shown as mean ± SEM, p-values, 

calculated using Student’ t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 6. 
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Figure 1. Effects of LYGN1 treatment on cucumber and pepper biomass accumulation and seedlings
vigor index. CK: control; LYGN1: cucumber and pepper seedlings treated with Serratia marcescens
LYGN1; DAI: days after inoculation. Representative pictures of cucumber (a) and pepper (b) seedlings
treated with control and LYGN1, scale bar: 5 cm. The biomass of shoot (c) and root (d), and the
seedlings vigor index (e) in cucumber seedlings. The biomass of shoot (f) and root (g), and the
seedlings vigor index (h) in pepper seedlings. Data are shown as mean ± SEM, p-values, calculated
using Student’ t-test, * p < 0.05, ** p < 0.01, *** p < 0.001, n = 6.
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Figure 2. Effects of LYGN1 treatment on growth-related indexes of cucumber and pepper seedlings. 

CK: control; LYGN1: cucumber and pepper seedlings treated with Serratia marcescens LYGN1; DAI: 

days after inoculation; Cs: Cucumis sativus; Ca: Capsicum annuum. (a) The plant height of cucumber 
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Figure 2. Effects of LYGN1 treatment on growth-related indexes of cucumber and pepper seedlings.
CK: control; LYGN1: cucumber and pepper seedlings treated with Serratia marcescens LYGN1; DAI:
days after inoculation; Cs: Cucumis sativus; Ca: Capsicum annuum. (a) The plant height of cucumber
and pepper seedlings at different sampled timepoints. (b) The stem diameter of cucumber and pepper

seedlings at different sampled timepoints. (c) The leaf area of cucumber and pepper seedlings at
different sampled timepoints. (d) The growth rate of cucumber and pepper seedlings at different
sampled timepoints. (e) The Chlorophyll fluorescence of cucumber and pepper seedlings at different
sampled timepoints. Data are shown as mean ± SEM, p-values, calculated using Student’ t-test,
* p < 0.05, ** p < 0.01, *** p < 0.001, n = 6.

All the parameters measured and calculated by WinRHIZO system software are shown
in Figure 3. The root system of cucumber (Cs) and pepper (Ca) seedlings was larger and had
more fine roots (Figure 3a,b). Especially for the pepper seedlings, the total root length was sig-
nificantly higher in the LYGN1 treatment (S) at both sampling timepoints (Figure 3c). Another
important component of a functional root system is the root surface area, which represents the
total area of the root system that is in contact with the substrate. LYGN1 treatment significantly
increased root surface, especially for the pepper root at 44 DAI (Figure 3d). In this study,
LYGN1 could also affect root volume and root tip development. Overall, both cucumber and
pepper seedlings showed a significant promoting effect (Figure 3f). Based on the diameter
of the root, roots were categorized in five grades (Figure 4). LYGN1 application facilitated
the growth of many more lateral roots, with thicker diameter, in the cucumber and pepper
seedlings (Figure 4). Especially during the growth of pepper seedlings, this phenomenon was
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more significant (Figure 4b). In short, the application of LYGN1 significantly promoted the
growth of cucumber and pepper seedlings.
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3.2. Microbial Community Diversity of Cucumber and Pepper Rhizosphere 

The rhizosphere microbial community is known to greatly promote plant growth. 

We also investigated the effects of the application of LYGN1 on cucumber and pepper 

rhizosphere microbial community. The smallest numbers of bacterial sequences (33,820 

Figure 3. Effects of LYGN1 treatment on root system growth of cucumber and pepper seedlings. CK:
control; LYGN1: cucumber and pepper seedlings treated with Serratia marcescens LYGN1; DAI: days

after inoculation; Cs: Cucumis sativus; Ca: Capsicum annuum. Representative pictures of cucumber
(a) and pepper (b) root system treated with control and LYGN1, scale bar: 5 cm. (c) The total root
length of cucumber and pepper seedlings. (d) The total root surface area of cucumber and pepper
seedlings. (e) The root volume of cucumber and pepper seedlings. (f) The number of root tips
of cucumber and pepper seedlings. The p-values were calculated using Student’ t-test, * p < 0.05,
** p < 0.01, *** p < 0.001, ns: no significance, n = 15.
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Figure 4. Effects of LYGN1 treatment on root system architecture. CK: control; LYGN1: cucumber
and pepper seedlings treated with Serratia marcescens LYGN1; DAI: days after inoculation. The roots
were divided into five groups, according to their diameters (L, mm). (a) The root classification of
cucumber seedlings’ root system. (b) The root classification of the pepper root system. The p-values
between the control and LYGN1 treatment were calculated using Student’ t-test, * p < 0.05, ** p < 0.01,
*** p < 0.001, n = 15.

3.2. Microbial Community Diversity of Cucumber and Pepper Rhizosphere

The rhizosphere microbial community is known to greatly promote plant growth.
We also investigated the effects of the application of LYGN1 on cucumber and pepper
rhizosphere microbial community. The smallest numbers of bacterial sequences (33,820 se-
quences per sample) and fungi (31,098 sequences per sample) were normalized to avoid the
deviation caused by the effects of different sequencing depths. A total of 2,776,766 raw reads
were obtained for all the samples described in this study. After filtering, 2,224,310 reads
and 4900 OTUs were obtained. The Shannon index of cucumber at the OTU level was
higher after the LYGN1 application compared to the control. Both bacterial and fungal
communities showed this trend in cucumber. However, the application of LYGN1 slightly
decreased the Shannon index of fungal communities in pepper seedlings (Figure 5). These
results showed the different response of LYGN1 application in cucumber and pepper. In
the bacterial community, the relative abundance of Proteobacteria was significantly higher
in the LYGN1 treatment in both cucumber and pepper rhizospheres (Figure 6a). Espe-
cially in the pepper rhizosphere, the relative abundance of Proteobacteria increased 16.29%
in the LYGN1 treatment compared to the control after 53 DAI. The relative abundance
of Bacteroidota in the rhizosphere of cucumber and pepper showed an opposite trend,
with an increasing trend in pepper (Figure 6a,b). The addition of LYGN1 had a greater
impact on Ascomycota in the fungal community, reducing its relative abundance in the
rhizosphere of cucumber and pepper (Figure 6c,d). These results showed that Serratia
marcescens may affect the colonization of Ascomycota on the cucumber and pepper rhizo-
spheres. The Venn diagrams show the shared and unique OTUs in the bacterial and fungal
community (Figure 6e,g), which exhibited different effects on the cucumber and pepper
microbial communities. The principal coordinates analysis (PCoA) of the bacterial and
fungal communities also showed the significant separation between LYGN1 treatment and
control conditions in both cucumber and pepper rhizospheres (Figure 7), demonstrating
the effect of LYGN1 application on the microbial communities of cucumber and pepper
seedling rhizospheres.
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Figure 5. Effects of LYGN1 treatment on α-diversity of cucumber and pepper rhizosphere microbial
community. CK: control; LYGN1: cucumber and pepper seedlings treated with Serratia marcescens
LYGN1; OUT: operational taxonomic unit. The Shannon index of the bacterial community in cucum-
ber (a) and pepper (b) under LYGN1 treatment. The Shannon index of the fungal community in
cucumber (c) and pepper (d) under LYGN1 treatment. Data are shown as mean ± SEM, n = 3.
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Figure 6. Effects of LYGN1 treatment on the composition of cucumber and pepper rhizosphere
microbial communities. CK: control; LYGN1: cucumber and pepper seedlings treated with Serratia
marcescens LYGN1. The relative abundance of cucumber (a) and pepper (b) rhizosphere bacterial
communities at phylum level. The Venn diagram shows the numbers of specific and shared OTUs
between the cucumber (e) and pepper (f) rhizospheres under LYGN1 treatments. The relative
abundance of cucumber (c) and pepper (d) rhizosphere microbial communities at phylum level. The
Venn diagram shows the numbers of specific and shared OTUs between cucumber (g) and pepper
(h) rhizosphere microbial communities after LYGN1 treatment.
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Figure 7. Effects of LYGN1 treatment on the β-diversity of cucumber and pepper rhizosphere
microbial communities. Principal coordinate analysis (PCoA) was based on Bray–Curtis distances.
CK: control; LYGN1: cucumber and pepper seedlings treated with Serratia marcescens LYGN1.
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3.3. Correlation Analysis of Phylum-Level Microbial Groups and Seedlings Index

We measured the different plant growth and root system index of cucumber and pep-
per seedlings, and the correlation analysis revealed the association between the seedlings
and annotated microbial community at phylum level (Figure 8). The Abditibacteriota sig-
nificantly affect the cucumber growth positively, especially for the shoot biomass and
seedlings growth rate (Figure 8) but affect pepper growth slightly. The relative abundance
of the phylum Chloroflexi, Cyanobacteria, Deinococcota, and Dependentiae was significantly
decreased in cucumber rhizosphere but showed negative effects on cucumber shoot and
root growth. The changes in fungal community caused different effects on the cucumber
and pepper indicators (Figure 8). Pearson’s correlation analysis showed significant pos-
itive correlations between Ascomycota and seedling indicators, but in the cucumber and
pepper rhizosphere, the phylum Chytridiomycota and Mortierellomycota showed opposite
correlations with the different indictors. All these results showed the effects of the LYGN1
application on microbial communities and the subsequent effects on cucumber and pepper
seedling growth.
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Figure 8. Correlation analysis between the phylum-level microbial groups and the seedling growth in-
dex. The heatmap shows the positive and negative correlations between the changes in phylum-level
microbial groups and different seedlings index. Pearson’s product–moment correlation coefficient
(Pearson’s r) analysis was performed. The data used for the analysis of all samples were taken from
the latest sampling period. The seedlings growth-related index includes shoot and root biomass,
stem thickness, leaf area, SPAD (chlorophyll fluorescence), seedling index, and growth rate. The root
system-related index includes root length, root surface area, root volume, and root tips, as well as the
five group of roots classified according to their diameters (L, mm).

4. Discussion

Previous studies showed that the application of PGPR could promote plant growth
by reforming the rhizosphere microbial environment [6,34]. In this study, we showed that
LYGN1 treatment has the same trends. The structure of the bacterial and fungal communi-
ties in both cucumber and pepper rhizosphere was reformed. Meanwhile, the application
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of LYGN1 in cucumber and pepper plug seedlings showed significant promotion effect
on both seedling growth and root development. This promotion effect showed the same
trends in the two sampled timepoints after the LYGN1 treatments.

The compact seedlings were demonstrated to lead to healthier plants, higher yields,
and improved nutritional qualities compared to weak seedlings after transplanting [35].
Therefore, the cultivation of high-quality vegetable seedlings is vital for increasing crop
yield and farmer income. In our study, the seedling vigor index was significantly higher in
the LYGN1 treatment, showing its potential in cucumber and pepper seedling cultivation.
Plant growth-promoting rhizobacteria (PGPR) can promote biomass accumulation and
plant growth [36]. This finding is the same as that in our study, which demonstrated that
the application of LYGN1 could significantly promote the growth of cucumber and pepper.
Studies showed that S. marcescens can promote the growth of various plants by producing
IAA [17,19,37], which can also significantly increase root growth. The chlorophyll fluores-
cence in this study had a significant increase after the LYGN1 application, so the enhanced
chlorophyll fluorescence parameters may have contributed to better plant growth during
the PGPR treatment [38]. The growth and development of seedlings above the ground are
significantly related to the root system. In this study, the root biomass was significantly
increased in both cucumber and pepper. Furthermore, marked differences among the
control and LYGN1 treatment were found in root architecture. Beneficial microbes could
affect root development, and the altered root system architecture may improve seedling
growth by nutrient accumulation [39]. The total root surface area contributes to an increase
in the total absorptive surface of the root system [40]. Additionally, total length and root
volume could also promote the absorption of more available nutrients by cucumber and
pepper seedlings. We also conducted a root diameter classification analysis by selecting a
range of root diameters. The results showed that LYGN1 significantly increased the root
diameter, resulting in thicker roots, especially in pepper seedlings, which may show a
longer lifespan and enhanced function [41]. All these indicators show the great potential of
LYGN1 to promote cucumber and pepper seedling growth and root development. PGPR
have been widely studied for improving plant growth and productivity [8,42], and the
rhizosphere microbial community plays important roles in promoting plant growth and
in improving tolerance to disease and abiotic stress [43]. However, there are few studies
evaluating the rhizosphere microbial communities, especially under PGPR treatment, in
plug seedling cultivation. Serratia marcescens was demonstrated to induce plant defense
and improve significant growth increases in shoot length, shoot dry weight, root length,
and root dry weight [15]. Additionally, it also showed its varied beneficial traits and
plant growth-promoting potential in coconut palms [19]. In this study, the α-diversity was
slightly increased after the Serratia marcescens LYGN1 application, but Serratia marcescens
LYGN1 significantly changed the structure of both bacterial and fungal communities. The
obtained results from Pearson’s correlation analysis showed the specific phylum which
is related to seedling growth. The correlation analysis showed that the Abditibacteriota
and Bdellovibrionota had positive effects on seedling growth. The relative abundance of
Proteobacteria were increased in both cucumber and pepper. Previous studies reported that
Proteobacteria were the dominant taxonomic phyla in lettuce substrate seedlings, which
is also related to the promoting effects on lettuce growth [44]. The Proteobacteria phyla
also comprise several PGPR species that promote plant growth [45], and the changes were
more intense in the pepper rhizosphere, which may contribute to the growth. Furthermore,
Proteobacteria also showed positive correlations with different seedling growth and root
system indicators. The Firmicutes taxa have the potential to enhance plant stress tolerance,
growth, and nutrient uptake [46]. However, the Firmicutes were decreased in both cu-
cumber and pepper rhizospheres, which also showed negative correlations with different
seedling growth and root system indicators. The relative expression of Ascomycota in
cucumber and pepper was decreased and showed negative correlations with the related
indicators. Previous studies showed that the initial colonization by PGPR in the rhizosphere
affected the microbial community composition throughout the plant growth stages [47],
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which showed the potential of PGPR inoculation during seedling cultivation for promoting
vegetable growth and yield.

5. Conclusions

In this study, the Serratia marcescens LYGN1 was used for its growth-promoting effects
in plug seedling cultivation. LYGN1 improved root growth and the seedling vigor index,
significantly promoting cucumber and pepper seedling growth. Our results also reveal that
the microbial community composition of cucumber and pepper rhizospheres was reformed.
Additionally, the correlation analysis showed that the changed microbial groups could
affect seedling growth and root system development. These results show the great potential
of LYGN1 in cucumber and pepper plug seedling cultivation, which could improve the
growth and yield in subsequent soil cultivation. In further studies, it will also be interesting
to profile the metabolites to understand the mechanism involved.
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