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While it is commonly understood that air temperature can greatly affect the process
of photosynthesis and the growth of higher plants, the impact of root zone
temperature (RZT) on plant growth, metabolism, essential elements, as well as key
metabolites like chlorophyll and carotenoids, remains an area that necessitates
extensive research. Therefore, this study aimed to investigate the impact of raising
the RZT on the growth, metabolites, elements, and proteins of red leaf lettuce.
Lettuce was hydroponically grown in a plant factory with artificial light at four
different air temperatures (17, 22, 27, and 30°C) and two treatments with different
RZTs. The RZT was raised 3°C above the air temperature in one group, while it was
not in the other group. Increasing the RZT 3°C above the air temperature improved
plant growth and metabolites, including carotenoids, ascorbic acids, and chlorophyll,
in all four air temperature treatments. Moreover, raising the RZT increased Mg, K, Fe,
Cu, Se, Rb, amino acids, and total soluble proteins in the leaf tissue at all four air
temperatures. These results showed that raising the RZT by 3°C improved plant
productivity and the metabolites of the hydroponic lettuce by enhancing nutrient
uptake and activating the metabolism in the roots at all four air temperatures. Overall,
this research demonstrates that plant growth and metabolites can be improved
simultaneously with an increased RZT relative to air temperature. This study serves as
a foundation for future research on optimizing RZT in relation to air temperature.
Further recommended studies include investigating the differential effects of multiple
RZT variations relative to air temperature for increased optimization, examining the
effects of RZT during nighttime versus daytime, and exploring the impact of stem
heating. This research has the potential to make a valuable contribution to the
ongoing growth and progress of the plant factory industry and fundamental
advancements in root zone physiology. Overall, this research demonstrates that
plant growth and metabolites can be improved simultaneously with an increased
RZT relative to air temperature. This study serves as a foundation for future research
on optimizing RZT in relation to air temperature. Further recommended studies
include investigating the differential effects of multiple RZT variations relative to air
temperature for increased optimization, examining the effects of RZT during
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nighttime versus daytime, and exploring the impact of stem heating. This research
has the potential to make a valuable contribution to the ongoing growth and
progress of the plant factory industry and fundamental advancements in root

zone physiology.
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root zone temperature, metabolome, pigment, ionome, lettuce (Lactuca sativa), plant
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Introduction

Plant factories with artificial light are increasingly popular for the
hydroponic cultivation of leafy greens. Compared to conventional
outdoor field operations, plant factories provide exceptional control
over environmental conditions (Graamans et al., 2018). Environmental
management in plant factories covers a wide range of abiotic
parameters, such as temperature, relative humidity, vapor pressure
deficit, carbon dioxide concentration, light intensity, light quality, and
culture mediums. All of these abiotic parameters, when optimized,
enable efficient and stable production of high-quality crops regardless
of the season or weather conditions (Morrow, 2008; Takatsuji, 20105
Merrill et al,, 2016).

A completely abiotic, stress-free environment is not necessarily
optimal for producing leafy greens for human consumption.
Specific abiotic stressors that amplify stress responses, such as
root zone temperature (RZT) and light quality in plant factories,
can add economic value to plants (Dresselhaus and Hiickelhoven,
2018). Previous studies have shown that RZT can influence various
root physiological processes, such as water and nutrient uptake,
photosynthesis, and assimilate distribution (Udagawa et al., 1991;
Klock et al., 1997; Yamori et al., 2022; Levine et al., 2023). Root
growth increased linearly with increasing RZT from a minimum to
an optimum temperature (Arkin and Taylor, 1981), although
further increases in RZT were accompanied by a rapid decrease
in root and shoot growth (Arkin and Taylor, 1981). Furthermore,
during cool seasons, heating RZT by electric heating cables
increased lettuce shoot weight (Bumgarner et al, 2012). Also,
research has been focused in plant factories to enhance the
biosynthesis of some secondary metabolites, which include total
chlorophyll, total carotenoids, ascorbic acid, anthocyanin (Kong
and Nemali, 2021; Levine et al., 2023; Van De Velde et al., 2023). It
has been indicated that the regulation of RZT increased leaf nutrient
elements (Moccio et al.,, 2024), and that low RZT treatments
increased anthocyanin concentrations (Islam et al., 2019).

Based on the previous studies, we hypothesized that increasing the
RZT a few degrees higher than the air temperature may improve the
growth and quality of plants. Recent experiments demonstrating that
the optimal RZT depends on the air temperature (Yamori et al., 2022;
Levine et al,, 2023) led us to investigate raising the RZT at various air
temperatures. To our knowledge, no studies have investigated the effect
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of temperature changes of several degrees to the RZT relative to varying
air temperatures on plant growth and the metabolites for this lettuce
cultivar, although numerous studies have already examined the effects
of air temperature on plant growth and showed that low or high air
temperatures negatively affect plant physiological processes, such as
photosynthesis, respiration, growth, and development, which
consequently result in reduced crop yields (Yamori et al.,, 2005, 20105
Wabhid et al., 2007; Theocharis et al., 2012; Hasanuzzaman et al., 2013;
Way and Yamori, 2014; Yamori et al., 2014; Qu et al., 2021). Based on
these prior studies, we selected a slight 3°C increase in RZT to ensure
that we did not cross the threshold or tipping point that could cause a
rapid decrease in root and shoot growth.

In considering the effects of raising RZT on plant growth and
metabolites, it is important to clarify the physiological processes to
understand the environmental response to it better. Ionome analysis
has been used to reveal the uptake and translocation of mineral
elements in plants (Quadir et al., 2011; Nicolas et al., 2019), while
metabolite profiling analysis has been widely used to reveal changes in
metabolites in response to various environments, including light
intensity, light quality, and UV-B irradiation (Kusano et al, 2011;
Goto et al., 2016; Kitazaki et al., 2018). By combining multiple omics
analyses, it is possible to gain a more comprehensive understanding of
RZT’s impact on plants’ physiological processes. These studies can be
highly beneficial and can provide valuable insights into how RZT
affects the different aspects of plant growth and development. Overall,
the main objective of this study is to analyze the effects of raising RZT
on the plant growth, elements, and metabolites of ‘Red Fire’ red leaf
lettuce plants grown at different air temperatures. Four air temperature
treatments (17, 22, 27, and 30°C) and two RZT treatments (no root
zone heating and raising the root zone temperature 3°C above the air
temperature) were applied. The effects of raising the RZT by 3°C on
lettuce growth and functional components were comprehensively
investigated by ionome and metabolite profiling analyses.

Materials and methods
Plant materials and treatments

The seeds of ‘Red Fire’ red leaf lettuce (Takii Seed Co., Kyoto,
Japan) were used. All the experiments on the red leaf lettuce,
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including the collection of plant material, were in compliance with
relevant institutional, national, and international guidelines
and legislation.

Growth conditions were controlled at 62.9 + 6% relative humidity
and 16 hours of photoperiod artificial light using white LED lights
(TecoG II-40N2-5-23, Toshin Electric Co., Ltd., Osaka, Japan).
During the seed propagation period, the photosynthetic photon
flux density (PPFD) was maintained at 120 + 10 pmol m~> s in
the daytime. The seeds were sown in seedling trays with a sponge
substrate at 20°C air temperature with a 13-day propagation time
until they had 2-3 true leaves. After 13 days, the plants were
transplanted to where the experiment was conducted and
acclimated for 3 days before the 16 day experiment started. The
PPFD was then increased to 200 + 20 umol m ™ s™" using white LED
light (TecoG II-40N2-5-23, Toshin Electric Co., Ltd., Osaka, Japan).
The plants were grown in a custom-built nutrient film technique
(NFT) system and supplied with a nutrient solution, GG liquid A and
B stock solutions (Green Co., Ltd, Fukuoka, Japan), with an EC of
1.00 + 0.05 dS/m. Filtered reverse osmosis water was used at all stages
of lettuce growth from the seedling stage. There were eight
treatments, four air temperatures (17, 22, 27, and 30 + 1°C), and
two treatments in which the temperature of the nutrient solution was
either raised 3°C above the air temperature or not heated. The
temperature of the nutrient solution, also called root zone
temperature (RZT) was controlled with a heater (NHA-065,
Marukan Co., Ltd., Osaka, Japan) to maintain a temperature of 3°C
above the respective air temperature treatment. The temperature of
the nutrient solution was continuously monitored at the root zone
area in the NFT system to ensure the plants received proper
experimental treatments throughout the experiment. A total of 72
plants were randomly selected and divided into three treatments. In
our experiment, two 12-cell trays with 24 plants were propagated in
an NFT system using a 30-liter reservoir. This was considered to be
one experimental unit. Our experiment involved three treatments
with different RZTs, as described below, and one experimental run,
which included one experimental unit (1 NFT system with 24 plants).
Data from the experiment were taken 19 days after the plants were
transplanted to the NFT system (32 days after the seeds were sown).

Plant growth

To analyze the shoot and root dry weights of the plants, the
shoots and roots from every plant were separated 32 days after
seeding, placed in paper envelopes, and then dried at 80°C in a
constant-temperature oven for about two weeks. Leaf mass per area
(LMA) was also determined by cutting the leaf blade of the largest
leaf with a leaf puncher and dividing its dry weight by its leaf area.

Determination of metabolites

Total chlorophyll A+B, total carotenoids (a-Carotene, -

Carotene, zeaxanthin, violaxanthin, lutein, and neoxanthin), and
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ascorbic acid concentrations were quantified for the analysis of the
metabolites. Two 0.56 cm? holes were punched in the center of the
largest leaf blades by a hole puncher, and 1.0 mL of 80% acetone was
added to the cut sample and ground with a mortar and pestle to
extract chlorophyll and carotenoids. The acetone extract was
centrifuged at 12,000 rpm for 5 minutes, and the supernatant was
used for the analysis. The analysis was performed by measuring
absorbance at 750.0, 636.6, 646.6, and 470.0 nm using a UV-Vis-
NIR spectrophotometer (UV-2700, Shimadzu Corporation, Kyoto,
Japan), and the concentrations of chlorophyll and carotenoids were
determined using equations derived from the previous studies
(Lichtenthaler, 1987; Porra et al.,, 1989). A reflectometer (RQ Flex
plus, Merck Darmstadt, Germany) quantified the ascorbic acid in
the leaves of plants in each treatment (Yamori et al., 2022).

lonome analysis

Plant samples were dried for 3 days in a 70°C oven. The weight
of dried samples was set to 40-50 mg in a single biological sample.
Each sample was digested with nitric acid (HNO3) and hydrogen
peroxide (H,0,) (FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan) as follows: 30 min at 80°C and 1 h at 120°C with 2 ml
HNOs; 1 h at 120°C after adding 0.5 ml HNO; and 0.5 ml H,O;
and overnight at 80°C until the samples were completely dried.
After digestion, the dried pellets were dissolved in 0.08 M HNOs.
The elemental concentrations (phosphorus [P], potassium [K],
calcium [Ca], magnesium [Mg], sulfur [S], iron [Fe], manganese
[Mn], boron [B], zinc [Zn], molybdenum [Mo], copper [Cu], nickel
[Ni], sodium [Na], cobalt [Co], lithium [Li], germanium [Ge],
arsenic [As], selenium [Se], rubidium [Rb], strontium [Sr],
cadmium [Cd] and cesium [Cs]) in the samples were measured
by inductively coupled plasma mass spectrometry (ICP-MS)
(Agilent 7800, Agilent Technologies Co., Ltd, Japan).

Metabolite profiling analysis

Metabolite profiling was conducted using gas chromatography-
time-of-flight-mass spectrometry (GC-MS), as described by
(Kusano et al., 2007), but with slight modifications. Six biological
replicates were used for the analysis. Metabolites were extracted
from each leaf and root sample at a 2.5 mg dry weight tissue
concentration per ml of extraction solution (methanol: chloroform:
water = 3:1:1 v/v/v), and the extracted samples were methoxylated
then subsequently trimethylsilylated. A sample equivalent to 5.6 pg
dry weight of derivatized samples was then subjected to GC-MS,
and the data obtained (NetCDF format) were transferred to
MATLAB version 2011b (MathWorks, MA, USA) software. We
used NIST/EPA/NIH Mass Spectral Library 14 (NIST14), an in-
house metabolite library, and Golm Metabolome Database (GMD)
for identification according to their RI and comparison with the
reference mass spectra in the libraries (Kusano et al., 2007). The
chromatograms were preprocessed using the high-throughput data
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analysis method (Jonsson et al., 2005) and were normalized using
the cross-contribution compensating multiple standard
normalization algorithm (Supplementary Figure S1) (Redestig
et al., 2009).

Determination of protein concentrations

Protein extracted from leaves was quantified by a protein-assay
kit (Bradford Plus Protein Assay Kit with Dilution-Free BSA
Protein Standards, Cat. No. A55866, Thermo Fisher Scientific,
Massachusetts, United States), using the method developed by
Bradford (1976). The analysis was carried out at a temperature of
22°C. This was primarily because our protein assay test was
executed under room temperature conditions.

Energy consumption analysis

To determine the energy consumption of raising the RZT by 3°C,
the energy consumption of heating the lettuce per 1 gram of fresh shoot
biomass was assessed. The amount of electricity in kilowatt-hours
(kWh) it took to raise the temperature of 10 liters of water by 3°C per
day was measured. Energy consumption was calculated by multiplying
the amount of electricity by the volume of water in the hydroponic
cultivation system and by the 15 growing days in this system. This was
then divided by the number of plants in the growing system. Lastly, the
electricity values per plant were divided by the fresh weight shoot
biomass in grams of the plant in order to get a quantitative value of
energy consumption (kWh) per 1 g fresh weight of lettuce. A wattmeter
measured how much electricity was consumed during the water
heating process (EC-04, Custom Co., Ltd, Tokyo, Japan). It is
important to note that energy requirements differ based on shelf
designs, seasons, starting water temperature, and other factors. Based
on many changing variables that would go into more comprehensive
energy analysis, the calculations in this study may not be well
representative of other production systems, and it's meant to serve as
a general example of one particular operation in Japan.

Statistical analysis

A Tukey-Kramer honest significant difference test at o = 0.05 was
performed for the means of measurement values to determine
significant differences among the measured parameters. For
elemental and metabolite concentrations, significance difference tests
of the means compared to the 22°C treatment (the control) were
performed with the drc 3.0-1 package (Ritz et al,, 2015) of the R 3.6.2
(R Core Team, 2017) software, using the graphical interface RStudio
Desktop 1.1.4.6.3 (RStudio Team, 2015). The principal component
analysis was also conducted using R-Studio (v.4.0.3). Metabolic profile
data were analyzed using weighted correlation network analysis
(WGCNA) (DiLeo et al, 2011). The Kyoto Encyclopedia of Genes
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and Genomes was used to search for metabolite pathways.
MetaboAnalyst 4.0 software was used for pathway analysis and
visualization (Liu et al, 2015). These WGCNA elements and
metabolites were classified into two modules (Modulel and
Module2), based on their correlation with shoot and root dry
weights, chlorophyll, ascorbic acid, and the soluble proteins of leaves
and roots. The experiment was repeated three times to ensure the

results remained consistent.

Results

Effect of raising RZT on plant growth
and metabolites

The plants in this study were grown under eight treatments,
four air temperatures (17, 22, 27, and 30°C), and two treatments
with different RZTs. In one group, the RZT was raised 3°C above the
air temperature (RZT+3°C), and in the other group, it was not
(RZT) (Figure 1A).

Shoot and root dry weights were significantly increased by raising
the RZT by 3°C at all air temperature treatments (Figures 1B, 2A, B).
The 17°C air temperature treatment with the 3°C raised RZT had
23% greater shoot dry mass and 30% greater root dry mass relative to
its corresponding unheated treatment (Figures 2A, B). The 22°C air
temperature treatment with the 3°C raised RZT had 31% greater
shoot dry mass and 24% greater root dry mass relative to its
corresponding unheated treatment (Figures 2A, B). The 27°C air
temperature treatment with the 3°C raised RZT had 18% greater
shoot dry mass and 22% greater root dry mass relative to its
corresponding unheated treatment (Figures 2A, B). Lastly, the 30°C
air temperature treatment with the 3°C raised RZT had 14% greater
shoot dry mass and 19% greater root dry mass relative to its
corresponding unheated treatment (Figures 2A, B). The maximum
dry weight of shoots and roots was observed with RZT+3°C at 27°C
(Figures 2A, B). However, the shoot/root ratio and LMA
were not significantly changed by raising the RZT at any of the
four air temperatures (Figures 2C, D). All root zone heating
treatments increased carotenoid and chlorophyll contents relative
to their corresponding nonheated treatments under all four air
temperatures (Figures 3A, B). Also, ascorbic acid increased at all air
temperatures except 17°C (Figure 3C). The 17°C air temperature
treatment with the 3°C raised RZT had 19% greater chlorophyll
content and 12% greater carotenoid content than its corresponding
unheated treatment (Figures 3A, B). The 22°C air temperature
treatment with the 3°C raised RZT had 21% greater chlorophyll
content, 13% greater carotenoid content, and 28% greater ascorbic
acid content relative to its corresponding unheated treatment
(Figures 3A-C). The 27°C air temperature treatment with the 3°C
raised RZT had 16% greater chlorophyll content, 16% greater
carotenoid content, and 51% greater ascorbic acid content relative
to its corresponding unheated treatment (Figures 3A-C). Lastly, the
30°C air temperature treatment with the 3°C raised RZT had 26%
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greater chlorophyll content, 23% greater carotenoid content, and 34%
greater ascorbic acid content relative to its corresponding unheated
treatment (Figures 3A-C).

Effect of raising RZT by 3°C on proteins,
elements, and metabolites

Raising RZT significantly increased total soluble protein in the
roots by 31% and leaves by 40% of plants grown at 22°C relative to
its corresponding unheated root zone treatment (Figures 4A, B).
Tonome and metabolome analyses were performed on plants grown
at the air temperature of 22°C to further elucidate the mechanism
by which raising the RZT by 3°C promoted plant growth and
improved metabolites (ascorbic acid and chlorophyll).

Analysis of ionome profiles showed that raising the RZT by 3°C
affected various elements of the roots and shoots of plants grown at
the air temperature of 22°C (Figure 5A). In the leaves, Li, B, K, Fe,
Cu, Se, and Rb were significantly higher in the RZT+3°C treatments
than the unheated RZT treatments, but in the roots, Li, Mg, and Ca
were significantly lower, while S, K, Fe, As, Se, and Cd were
significantly higher (Figure 5A).

Raising the RZT by 3°C also affected the metabolic profiles of
plants grown at 22°C (Figure 5B). In the roots, it decreased glucose
but increased sucrose and malate (Figure 5B), and it significantly
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increased 10 amino acids (alanine, arginine, aspartate, cysteine,
GABA, lysine, proline, pyroglutamate, glutamate, and tryptophan)
(Figure 5B). Although it had no significant impact on metabolic
profiles, the leaves showed increased glycerol as a carbohydrate, and
5-caffeoylquinic acid (chlorogenic acid) (Figure 5B).

Clustering elements and metabolites
altered by raising the RZT by 3°C

Raising the RZT by 3°C in plants grown at an air temperature
of 22°C changed the metabolites and elements. The metabolites
and elements were clustered by network analysis using WGCNA
and classified into two modules (Modulel and Module2).
Modulel elements and metabolites were positively correlated
with shoot and root dry weights, chlorophyll, ascorbic acid,
leaf soluble protein, and root soluble protein. The elements and
metabolites of Module2 showed a negative correlation with
all the variables that were found to be correlated with
Modulel (Figure 6A).

Modulel contained 18 metabolites and 1 element, while
Module2 contained 23 metabolites and 20 elements (Figure 6B).
Enrichment analysis (Metabo4.0) was used to determine the
metabolic pathways enriched for the metabolites in these
modules. Modulel was significantly enriched with valine, leucine,
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and isoleucine biosynthesis, aminoacyl-tRNA biosynthesis, and
citrate cycle (TCA cycle) (Figure 6C). In contrast, Module2 was
significantly enriched with aminoacyl-tRNA biosynthesis, beta-
Alanine metabolism, and arginine biosynthesis (Figure 6D).

Principle component analysis

Principle Component Analysis (PCA) was performed to
identify the relationships of traits with plant growth and
metabolites (Figure 7). The first two principal components, PC1
and PC2, accounted for 70.3% and 20.0% of the total variance,
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respectively. In PC1, shoot and root dry weights, shoot/root ratio,
and chlorophyll concentrations showed positive values, whereas
LMA showed negative values. Ascorbic acid and carotenoid
concentrations showed negative values in PC2.

Two-factor ANOVA analysis

Overall, the results suggest that the air temperature and RZT
combined only significantly interacted with root dry weight
(Table 1). They did not significantly affect ascorbic acid
concentrations, shoot dry weight, shoot/root ratio, LMA,
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chlorophyll, and carotenoid concentrations (Table 1). The RZT
alone had significant interactions with root and shoot dry weights,
chlorophyll, carotenoid, and ascorbic acid (Table 1), while the air
temperature alone significantly interacted with root and shoot dry
weights, LMA, chlorophyll, carotenoid, and ascorbic acid (Table 1).

Energy analysis of raising RZT by 3°C
on lettuce

The energy consumption in kilowatt-hours (kWh) per 1 g fresh
weight of fresh lettuce shoot biomass was 0.236, 0.037, 0.046, and
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(marginal significant level, 10%).

0.067 kWh for root zone heating at the 17, 22, 27, and 30°C
treatments, respectively.

Discussion

This study showed two key points. First, raising the RZT by 3°C
relative to any of the four air temperatures enhanced total soluble
protein, various elements, and amino acids in roots, resulting in
improved plant growth and yields. Second, it increased the
concentration of carotenoid and chlorophyll metabolites and
ascorbic acids at most air temperatures, suggesting improved
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Soluble protein concentrations in the leaves (A) and roots (B) of ‘Red
Fire' red leaf lettuce grown in an unheated RZT and a +3°C RZT
treatments at 22°C air temperature. Statistical differences between
treatments at the same temperature by Tukey's HSD test (5% level of
significance). Bars are standard errors (n = 6-8). The mark

* indicates significant differences between treatments at the

same temperature.

quality since these are often desirable compounds for consumers.
Some undesirable element uptake was significantly increased in the
roots with a RZT increase of 3°C, such as Cd and As. Still, they did
not accumulate significantly in the leaf tissue, which is the
frequently consumed part of the plant. PCA revealed that shoot
and root dry weights had similar trends as chlorophyll
concentrations but had a weak relationship with ascorbic acid
and carotenoid concentrations. These results suggest that plant
growth and metabolites could be improved simultaneously. In
summary, raising the RZT 3°C above the air temperature results
in enhanced total soluble protein, various elements, and amino
acids in roots, improved plant growth, and yields relative to our
unheated control treatments. Further studies would be needed to
investigate the optimum RZT relative to the air temperature by
investigating multiple RZT differences relative to air temperature.

Raising RZT by 3°C increases the
metabolite, soluble protein, amino acid,
and elements of lettuce

In all temperature treatments, raising the RZT by 3°C increased
chlorophyll, carotenoid, and ascorbic acid (Figure 3). Previous
studies have suggested that increases in certain antioxidants
generally occur under stressful conditions (Perrin and Gave, 1986;
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Smirnoft, 2000; Giannakourou and Taoukis, 2003; Hsu et al., 2013).
Furthermore, the plants grown at an air temperature of 22°C and
RZT+3°C had significantly increased concentrations of chlorogenic
acid in their leaves (Figure 5). Chlorogenic acid is a polyphenol with
antioxidant properties that may reduce oxidative damage in human
cells (Khanam et al, 2012). Thus, raising the RZT increased
chlorophyll, ascorbic acid, and chlorogenic acid, antioxidants that
could bring added health benefits to the consumer.

Based on the analysis of metabolic profiles, raising the RZT by
3°C increased the concentrations of total soluble proteins (Figure 4)
and various amino acids (Figure 5B) in root and leaf tissue. The
lower soluble protein content in the unheated RZT treatment could
be attributed to numerous factors. One possibility is that a lower
RZT leads to the progressive degradation or retardation of proteins
because more energy carriers are consumed to enhance adaptation
to low temperatures, producing lipids, amino acids, and other
molecules, in addition to promoting cell membrane fluidity and
structural rearrangement (Maruyama et al., 2014; Wu et al,, 2016).
Another possibility is that cold temperatures also caused the
destabilization of protein complexes (Thakur and Nayyar, 2013),
while high RZT treatments have also been reported to lead to a
decline in soluble protein as well since high RZT stress causes root
protein to decrease. At the same time, sucrose metabolism is
activated to store energy for root survival, resulting in the
accumulation of sugars instead (Du and Tachibana, 1994). These
responses would lead to increase in the concentrations of total
soluble proteins by raising the RZT by 3°C, whereas decrease in the
unheated RZT treatment.

Furthermore, nutrient uptake and the metabolism of amino
acids in root and leaf tissue were enhanced at all four air
temperatures, with the concentrations of aspartic acid and
glutamine mainly increased (Figure 5), which aspartic acid and
glutamic acid are the starting amino acids for the biosynthesis of
many amino acids (Jander and Joshi, 2010; Walker and van der
Donk, 2016; Appleton and Rosentrater, 2021). Arginine
biosynthesis and P-alanine metabolism were also positively
correlated with protein concentrations and plant growth
parameters (Figure 6), as arginine metabolism is believed to
promote plant growth (Kawade et al, 2020) and B-alanine is a
precursor of CoA that is involved in producing fatty acids, which
are also cellular building blocks (Parthasarathy et al., 2019). Overall,
this increase in biochemical properties may have led to an increase
in photosynthesis and, thus, in biomass. However, the biosynthesis
of valine, leucine, and isoleucine showed a negative correlation with
protein concentrations and plant growth parameters (Figure 6), and
isoleucine decreased as the RZT was raised (Figure 5). As valine,
leucine, and isoleucine are reported to increase in reaction to the
stress response (Joshi et al., 2010), there is a trade-off between plant
growth and defense (Huot et al.,, 2014) as growth—defense tradeoffs
are considered to occur in plants due to resource restrictions, which
demand prioritization towards either growth or defense.

Based on the analysis of ionome, the concentrations of various
elements were found to be increased upon raising the RZT, with
Mg, K, and Fe being the most significantly affected (Figure 5A).
Interestingly, the observed increase in Mg levels aligns with the
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Changes in the relative amount of each element (A) and each metabolite (B) in the leaf and root of ‘Red Fire' red leaf lettuce grown under heated RZT in the
22°C air temperature treatments. Significant increases are shown in red and decreases in blue by a Tukey's HSD test (5% level of significance). The lower left

of the metabolite names represents changes in metabolites in the leaves and the lower right represents changes in metabolites in the roots. * (B) can only be
used for general interactions, and it is not a complete comprehensive diagram of all metabolomic interactions.

findings of other studies, which have shown that raising the RZT for
wheat leads to an increase in Mg uptake in the first 30 days of
growth (Huang and Grunes, 1992). Further studies on NH, and K
uptake have found reductions when RZT is reduced, which is also
consistent with our results for K uptake (Shabala and Shabala,
2002). According to our research, there was a noticeable increase in
S uptake, which aligns with the findings of studies on onions where
the RZT was raised to 21°C (Coolong and Randle, 2006).
Furthermore, we found a significant increase in B in leaf tissue,
consistent with other research studies that concluded that B uptake
decreases at lower RZTs (Ye et al, 2000). Another study with
tomatoes found the optimal RZT for Cu, Mn, and K to be around
24°C, consistent with our results (Tindall et al., 1990).
Furthermore, in the leaves, Fe and Se were significantly greater
with RZT+3°C than with RZT in plants grown at an air temperature
of 22°C (Figure 5). It is worth noting that Fe is essential for human
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health (Abbaspour et al., 2014), and Se has antioxidant properties
that contribute to the prevention of epidemics in humans (Xiao
et al., 2021). These results are consistent with other studies of
tomatoes that have found that raising root temperatures increased
Fe and Mn uptakes (Rickels and Lingle, 1966). Raising the RZT
significantly changed root and shoot elemental composition uptake.

Raising RTZ by 3°C increases the value
of lettuce

We examined whether raising the RZT by 3°C could be viable
option in lettuce production. Raising the RZT by 3°C relative to any
of the four air temperatures enhanced plant growth and yields
(Figure 2). Energy consumption analysis proved that the 22 and
27°C air temperature treatments combined with raising the RZT
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were most beneficial. However, there are still challenges in
implementing RZT heating controls in commercial plant factories.
In plant factories, plants are typically grown in vertical, multi-stage
rows, so it may be more expensive to implement heating controls in
all the rows (Kozai, 2013). However, creating a more sustainable
system might be possible if the waste heat from the LEDs could be
used to raise the RZT for each cultivation rack. Furthermore, the cost
of air conditioning should be considered as the heat generated by
increasing the RZT may escape into the air, requiring more energy
from the air conditioners.

This research could also be applied to greenhouses and open
fields. In greenhouse environments, research similar to raising
the RZT has been conducted on heating strawberry crowns to
increase yields (Kawade et al., 2020). As hydroponics in
greenhouses has become more common, raising the RZT by
heating the culture medium to increase yields may be possible.
Even with conventional field production practices, raising the
RZT has been conducted by covering the soil with insulating

Frontiers in Plant Science

mulch during winter (Deschamps and Agehara, 2019), which
indicates that actively increasing the RZT could promote plant
growth in field conditions.

Conclusion

This study demonstrates that raising the RZT by 3°C increased
nutrient uptake from the roots to the leaves, and in the roots, it
increased various amino acids and total soluble proteins.
Furthermore, plant growth and metabolites (carotenoids, ascorbic
acids, and chlorophyll) were improved in a broad range of air
temperatures. The results also indicate that in plant factories,
raising the RZT may increase productivity and the value of
lettuces grown. In the future, constructing a plant factory with
RZT heating capabilities could be beneficial. Furthermore, looking
into the nighttime versus daytime effects on plant growth and
heating effects on the lettuce stem could be helpful.
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FIGURE 7

Principle component analysis (PCA) of the traits for ‘Red Fire’ red leaf lettuce grown at different temperatures. Arrows indicate the direction and
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TABLE 1 Show differences in traits of plant growth and functional ingredients when grown at different air and root zone temperatures.

Air temp. Root dry  Shoot dry Shoot/ LMA (g Chlorophyll Carotenoid  Ascorbic
weight (g) weight (g)  root ratio m?) (mg g FW) (mgg™Fw) acid
(mg 100g7*
FW)
17°C +0°C 0.34¢ 0.109¢ 3.13¢ 1.67a 0.92b 0.230ab 9.88a
+3°C 0.42e 0.155e 2.80¢ 1.56ab 1.13ab 0.260ab 10.2a
22°C +0°C 1.37d 0.247d 5.59b 091c 1.35ab 0.273ab 5.38bcd
+3°C 1.99¢ 0.327bc 6.17ab 0.85¢ 1.72a 0.315ab 7.44ab
27°C +0°C 2.23bc 0.307bc 7.34a 0.68¢ 1.38ab 0.232ab 3.59d
+3°C 2.73a 0.394a 7.02a 0.83¢ 1.65a 0.354a 7.3lach
30°C +0°C 2.12¢ 0.294cd 7.32a 1.15bc 1.06ab 0213b 2.58d
+3°C 2.47ab 0.361ab 6.96a 1.04c 1.42ab 0.278ab 3.92cd
mean 17°C 0.38d 0.132d 2.96¢ 1.61a 1.04b 0.247a 10.0a
22°C 1.68¢ 0.287¢ 5.88b 0.88bc 1.53a 0.294a 6.30b
27°C 2.48a 0.350a 7.18a 0.76¢ 1.51a 0.281a 5.45b
30°C 2.29b 0.327b 7.14a 1.09b 1.27ab 0.252a 3.15¢
mean +0°C 1.51a 0.239a 5.84a 1.10a 1.19a 0.238b 5.09b
+3°C 1.90b 0.309b 5.74a 1.07a 1.47b 0.298a 7.25a
ANOVA Air temp. _— - - - - s, -
RZT _— - s s, - - -
Air temp. x RZT = *** n.s n.s n.s. n.s. n.s. n.s.

**and ***, significant at the 0.01 and 0.001 levels; n.s., not significant (n=4~7). Different letters indicate significant differences among treatments according to Tukey’s test (p < 0.05).

Frontiers in Plant Science

11

frontiersin.org


https://doi.org/10.3389/fpls.2024.1352331
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Hayashi et al.

Data availability statement

The original contributions presented in the study are included
in the article/Supplementary Material. Further inquiries can be
directed to the corresponding author.

Author contributions

SH: Data curation, Formal analysis, Methodology,
Visualization, Writing - original draft, Writing - review &
editing. CL: Data curation, Formal analysis, Methodology,
Visualization, Writing - original draft, Writing - review &
editing. WYu: Data curation, Visualization, Writing - review
& editing. MU: Data curation, Investigation, Writing - review
& editing. AY: Data curation, Investigation, Writing — review &
editing. YO: Data curation, Methodology, Validation, Visualization,
Writing - review & editing. MKu: Data curation, Investigation,
Validation, Writing - original draft, Writing - review & editing.
MKo: Data curation, Investigation, Writing — review & editing. TN:
Data curation, Investigation, Writing — review & editing. IK: Data
curation, Investigation, Writing - review & editing. SK: Data
curation, Investigation, Writing - review & editing. WYa:
Conceptualization, Data curation, Funding acquisition, Project
administration, Supervision, Validation, Writing - original draft,
Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by KAKENHI to WYa (Grant Number: 20H05687,

References

Abbaspour, N., Hurrell, R, and Kelishadi, R. (2014). Review on iron and its
importance for human health. J. Res. Med. Sci. 19, 164.

Appleton, H. J., and Rosentrater, K. A. (2021). Sweet dreams (Are made of this): A
review and perspectives on aspartic acid production. Fermentation 7 (2), 49.
doi: 10.3390/fermentation7020049

Arkin, G. F., and Taylor, H. M. (1981). Modifying the root environment to reduce crop
stress (St. Joseph, Michigan: American Society of Agricultural Engineers).

Bradford, M. M. (1976). A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Analytical. Biochem. 72, 248-254. doi: 10.1016/0003-2697(76)90527-3

Bumgarner, N. R,, Scheerens, J. C., Mullen, R. W, Bennett, M. A, Ling, P. P., and
Kleinhenz, M. D. (2012). Root-zone temperature and nitrogen affect the yield and
secondary metabolite concentration of fall- and spring-grown, high-density leaf lettuce.
J. Sci. Food Agric. 92, 116-124. doi: 10.1002/jsfa.4549

Coolong, W. T., and Randle, M. W. (2006). The influence of root zone temperature
on growth and flavour precursors in Allium cepa L. J. Hortic. Sci. Biotechnol. 81, 199-
204. doi: 10.1080/14620316.2006.11512050

Deschamps, S. S., and Agehara, S. (2019). Metalized-striped plastic mulch
reduces root-zone temperatures during establishment and increases early-season
yields of annual winter strawberry. HortScience 54, 110-116. doi: 10.21273/
HORTSCI13583-18

DiLeo, M. V,, Strahan, G. D., den Bakker, M., and Hoekenga, O. A. (2011). Weighted
correlation network analysis (WGCNA) applied to the tomato fruit metabolome. PloS
One 6, €26683. doi: 10.1371/journal.pone.0026683

Frontiers in Plant Science

12

10.3389/fpls.2024.1352331

20K21346, 21H02171 and 22H02469) and MKu (Grant Number:
19K05711) from the Japan Society for the Promotion of Science.

Acknowledgments

We are grateful to Prof. Kristin Mercer for critically reading the
manuscript and providing insightful comments.

Conflict of interest

Authors MU and AY were employed by the company Plants
Laboratory Inc.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1352331/

full#supplementary-material

Dresselhaus, T., and Hiickelhoven, R. (2018). Biotic and abiotic stress responses in
crop plants. Agronomy 8, 267. doi: 10.3390/agronomy8110267

Du, Y. C, and Tachibana, S. (1994). Effect of supraoptimal root temperature on the
growth, root respiration and sugar content of cucumber plants. Sci. Hortic. 58, 289-301.
doi: 10.1016/0304-4238(94)90099-X

Giannakourou, M. C., and Taoukis, P. S. (2003). Kinetic modelling of vitamin C loss
in frozen green vegetables under variable storage conditions. Food Chem. 83 (1), 33-41.
doi: 10.1016/S0308-8146(03)00033-5

Goto, E., Hayashi, K., Furuyama, S., Hikosaka, S., and Ishigami, Y. (2016). Effect of
UV light on phytochemical accumulation and expression of anthocyanin biosynthesis
genes in red leaf lettuce. In. VIIL Int. Symposium. Light. Horticult. 1134, 179-186.
doi: 10.17660/ActaHortic.2016.1134.24

Graamans, L., Baeza, E., Van Den Dobbelsteen, A., Tsafaras, L., and Stanghellini, C.
(2018). Plant factories versus greenhouses: Comparison of resource use efficiency.
Agric. Syst. 160, 31-43. doi: 10.1016/j.agsy.2017.11.003

Hasanuzzaman, M., Nahar, K., Alam, M. M., Roychowdhury, R., and Fujita, M.
(2013). Physiological, biochemical, and molecular mechanisms of heat stress tolerance
in plants. Int. J. Mol. Sci. 14, 9643-9684. doi: 10.3390/ijms14059643

Hsu, C. Y., Chao, P. Y., Huy, S. P,, and Yang, C. M. (2013). The antioxidant and free
radical scavenging activities of chlorophylls and pheophytins. Food Nutrition Sci. 4
(8A), 1-8. doi: 10.4236/fns.2013.48A001

Huang, J. W., and Grunes, D. L. (1992). Effects of root temperature and nitrogen
form on magnesium uptake and translocation by wheat seedlings. J. Plant Nutr. 15,
991-1005. doi: 10.1080/01904169209364376

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2024.1352331/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1352331/full#supplementary-material
https://doi.org/10.3390/fermentation7020049
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1002/jsfa.4549
https://doi.org/10.1080/14620316.2006.11512050
https://doi.org/10.21273/HORTSCI13583-18
https://doi.org/10.21273/HORTSCI13583-18
https://doi.org/10.1371/journal.pone.0026683
https://doi.org/10.3390/agronomy8110267
https://doi.org/10.1016/0304-4238(94)90099-X
https://doi.org/10.1016/S0308-8146(03)00033-5
https://doi.org/10.17660/ActaHortic.2016.1134.24
https://doi.org/10.1016/j.agsy.2017.11.003
https://doi.org/10.3390/ijms14059643
https://doi.org/10.4236/fns.2013.48A001
https://doi.org/10.1080/01904169209364376
https://doi.org/10.3389/fpls.2024.1352331
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Hayashi et al.

Huot, B., Yao, J., Montgomery, B. L., and He, S. Y. (2014). Growth-defense tradeoffs
in plants: a balancing act to optimize fitness. Mol. Plant 7, 1267-1287. doi: 10.1093/mp/
ssu049

Islam, M. Z., Lee, Y. T., Mele, M. A., Choi, I. L., and Kang, H. M. (2019). The effect of
phosphorus and root zone temperature on anthocyanin of red romaine lettuce.
Agronomy 9, 47. doi: 10.3390/agronomy9020047

Jander, G., and Joshi, V. (2010). Recent progress in deciphering the biosynthesis of
aspartate-derived amino acids in plants. Mol. Plant 3, 54-65. doi: 10.1093/mp/ssp104

Jonsson, P., Johansson, AL, Gullberg, J., Trygg, J., ], A., Grun, B,, et al. (2005). High-
throughput data analysis for detecting and identifying differences between samples in
GC/MS-based metabolomic analyses. Anal. Chem. 77 (17), 5635-5642. doi: 10.1021/
ac050601e

Joshi, V., Joung, J. G., Fei, Z., and Jander, G. (2010). Interdependence of threonine,
methionine and isoleucine metabolism in plants: accumulation and transcriptional
regulation under abiotic stress. Amino Acids 39, 933-947. doi: 10.1007/s00726-010-
0505-7

Kawade, K., Horiguchi, G., Hirose, Y., Oikawa, A., Hirai, M.Y,, Saito, K, et al. (2020).
Metabolic Control of Gametophore Shoot Formation through Arginine in the Moss
Physcomitrium patens. Cell Rep. 32 (10), 108127. doi: 10.1016/j.celrep.2020.108127

Khanam, U. K., Oba, S., Yanase, E., and Murakami, Y. (2012). Phenolic acids,
flavonoids and total antioxidant capacity of selected leafy vegetables. J. Funct. Foods 4
(4), 979-987. doi: 10.1016/j.jft.2012.07.006

Kitazaki, K., Fukushima, A., Nakabayashi, R., Okazaki, Y., Kobayashi, M., Mori, T.,
et al. (2018). Metabolic reprogramming in leaf lettuce grown under different light
quality and intensity conditions using narrow-band LEDs. Sci. Rep. 8, 1-12.
doi: 10.1038/5s41598-018-25686-0

Klock, K. A., Taber, H. G., and Graves, W. R. (1997). Root respiration and
phosphorus nutrition of tomato plants grown at a 36 C root-zone temperature. J.
Am. Soc. Hortic. Sci. 122, 175-178. doi: 10.21273/JASHS.122.2.175

Kong, Y., and Nemali, K. (2021). Blue and far-red light affect area and number of
individual leaves to influence vegetative growth and pigment synthesis in lettuce. Front.
Plant Sci. 12. doi: 10.3389/fpls.2021.667407

Kozai, T. (2013). Plant factory in Japan-current situation and perspectives. Chron.
Hortic. 53, 8-11.

Kusano, M., Fukushima, A., Kobayashi, M., Hayashi, N., Jonsson, P., Moritz, T., et al.
(2007). Application of a metabolomic method combining one-dimensional and two-
dimensional gas chromatography-time-of-flight/mass spectrometry to metabolic
phenotyping of natural variants in rice. J. Chromatogr. B. 855 (1), 71-79.
doi: 10.1016/j.jchromb.2007.05.002

Kusano, M., Tohge, T., Fukushima, A., Kobayashi, M., Hayashi, N., Otsuki, H., et al.
(2011). Metabolomics reveals comprehensive reprogramming involving two
independent metabolic responses of Arabidopsis to UV-B light. Plant J. 67 (2), 354
369. doi: 10.1111/j.1365-313X.2011.04599.x

Levine, C. P., Hayashi, S., Ohmori, Y., Kusano, M., Kobayashi, M., Nishizawa, T.,
et al. (2023). Controlling root zone temperature improves plant growth and pigments
in hydroponic lettuce. Ann. Bot. 132 (3), 455-470. doi: 10.1093/aob/mcad127

Lichtenthaler, H. K. (1987). Chlorophylls and carotenoids: pigments of photosynthetic
biomembranes. Methods Enzymol. 148, 350-382. doi: 10.1016/0076-6879(87)48036-1

Liu, G., Dong, X., Liu, L., Wu, L., Peng, S., and Jiang, C. (2015). Metabolic profiling
reveals altered pattern of central metabolism in navel orange plants as a result of boron
deficiency. Physiol. Plantarum. 153, 513-524. doi: 10.1111/ppl.12279

Maruyama, K., Urano, K., Yoshiwara, K., Morishita, Y., Sakurai, N., Suzuki, H., et al.
(2014). Integrated analysis of the effects of cold and dehydration on rice metabolites,
phytohormones, and gene transcripts. Plant Physiol. 164, 1759-1771. doi: 10.1104/
pp.113.231720

Merrill, B. F,, Lu, N, Yamaguchi, T., Takagaki, M., Maruo, T, Kozai, T., et al. (2016).
“The Next Evolution of Agriculture: A review of innovations in Plant Factories,” in
Handbook of Photosynthesis, 3rd Edition (Boca Raton, Florida: CRC Press), 723-740.

Moccio, M., Dunn, B. L, Kaur, A., Fontanier, C., and Zhang, L. (2024). Effects of root
zone temperature of hydroponic lettuce affects plant growth, nutrient uptake, and
vitamin a content. HortScience 59, 255-257. doi: 10.21273/HORTSCI17560-23

Morrow, R. C. (2008). LED lighting in horticulture. HortScience 43, 1947-1950.
doi: 10.21273/HORTSCI1.43.7.1947

Nicolas, O., Charles, M. T., Jenni, S., Toussaint, V., Parent, S.-E., and Beaulieu, C.
(2019). The ionomics of lettuce infected by xanthomonas campestris pv. Vitians. Front.
Plant Sci. 10, 351. doi: 10.3389/fpls.2019.00351

Parthasarathy, A., Savka, M. A., and Hudson, A. O. (2019). The synthesis and role of
B-alanine in plants. Front. Plant Sci. 10, 921. doi: 10.3389/fpls.2019.00921

Perrin, P. W., and Gave, M. M. (1986). Effects of simulated retail display and
overnight storage treatments on quality maintenance in fresh broccoli. J. Food Sci. 51,
146-149. doi: 10.1111/j.1365-2621.1986.tb10856.x

Porra, R. J., Thompson, W. A. A, and Kriedemann, P. E. (1989). Determination of
accurate extinction coefficients and simultaneous equations for assaying chlorophylls a
and b extracted with four different solvents: verification of the concentration of
chlorophyll standards by atomic absorption spectroscopy. Biochim. Biophys. Acta
(BBA)-Bioenergetics. 975, 384-394. doi: 10.1016/S0005-2728(89)80347-0

Frontiers in Plant Science

13

10.3389/fpls.2024.1352331

Qu, Y., Sakoda, K., Fukayama, H., Kondo, E., Suzuki, Y., Makino, A., et al. (2021).
Overexpression of both Rubisco and Rubisco activase rescues rice photosynthesis and
biomass under heat stress. Plant. Cell Environ. 44, 2308-2320. doi: 10.1111/pce.14051

Quadir, Q. F., Watanabe, T., Chen, Z., Osaki, M., and Shinano, T. (2011). Ionomic
response of Lotus japonicus to different root-zone temperatures. Soil Sci. Plant Nutr. 57
(2), 221-232. doi: 10.1080/00380768.2011.555841

R Core Team. (2017). R: A language and environment for statistical computing
(Vienna, Austria: R Foundation for Statistical Computing).

Redestig, H., Fukushima, A., Stenlund, H., Moritz, T., Arita, M., Saito, K, et al.
(2009). Compensation for systematic cross-contribution improves normalization of
mass spectrometry based metabolomics data. Analytical. Chem. 81, 7974-7980.
doi: 10.1021/ac901143w

Riekels, J. W., and Lingle, J. C. (1966). Iron uptake and translocation by tomato
plants as influenced by root temperature and manganese nutrition. Plant Physiol. 41,
1095-1101. doi: 10.1104/pp.41.7.1095

Ritz, C,, Baty, F,, Streibig, J. C., and Gerhard, D. (2015). Dose-response analysis using
R. PloS One 10, e0146021. doi: 10.1371/journal.pone.0146021

RStudio Team. (2015). RStudio: Integrated development for R (Boston, MA: RStudio,
Inc)).

Shabala, S., and Shabala, L. (2002). Kinetics of net H +, Ca 2+, K +, Na +, and CI -
fluxes associated with post-chilling recovery of plasma membrane transporters in Zea
mays leaf and root tissues. Physiol. Plantarum. 114, 47-56. doi: 10.1046/j.0031-
9317.2001.1140108.x

Smirnoff, N. (2000). Ascorbic acid: metabolism and functions of a multi-facetted
molecule. Curr. Opin. Plant Biol. 3, 229-235. doi: 10.1016/S1369-5266(00)00069-8

Takatsuji, M. (2010). Present status of completely-controlled plant factories. J. Sci.
High Technol. Agric. 22, 2-7. doi: 10.2525/shita.22.2

Thakur, P., and Nayyar, H. (2013). “Facing the cold stress by plants in the changing
environment: Sensing, signaling, and defending mechanisms,” in Plant acclimation to
environmental stress. Eds. N. Tuteja and S. S. Gill (Springer, New York), 29-69.

Theocharis, A., Clement, C., and Barka, E. A. (2012). Physiological and molecular
changes in plants grown at low temperatures. Planta 235, 1091-1105. doi: 10.1007/
s00425-012-1641-y

Tindall, J. A., Mills, H. A., and Radcliffe, D. E. (1990). The effect of root zone
temperature on nutrient uptake of tomato. J. Plant Nutr. 13, 939-956. doi: 10.1080/
01904169009364127

Udagawa, Y., Ito, T., and Gomi, K. (1991). Effects of root temperature on the
absorption of water and mineral nutrients by strawberry plants ‘Reiko’grown
hydroponically. J. Japanese. Soc. Hortic. Sci. 59, 711-717. doi: 10.2503/jjshs.59.711

Van De Velde, E., Steppe, K., and Labeke Van, M.-C. (2023). Leaf morphology,
optical characteristics and phytochemical traits of butterhead lettuce affected by
increasing the far-red photon flux. Front. Plant Sci. 14, 1129335. doi: 10.3389/
fpls.2023.1129335

Wahid, A, Gelani, S., Ashraf, M., and Foolad, M. R. (2007). Heat tolerance in plants:
an overview. Environ. Exp. Bot. 61, 199-223. doi: 10.1016/j.envexpbot.2007.05.011

Walker, M. C,, and van der Donk, W. A. (2016). The many roles of glutamate in
metabolism. J. Ind. Microbiol. Biotechnol. 43 (2-3), 419-430. doi: 10.1007/s10295-015-
1665-y

Way, D. A, and Yamori, W. (2014). Thermal acclimation of photosynthesis: on the
importance of definitions and accounting for thermal acclimation of respiration.
Photosynthesis. Res. 119, 89-100. doi: 10.1007/s11120-013-9873-7

Wu, Z. G, Jiang, W., Chen, S. L., Mantri, N.,, Tao, Z. M., and Jiang, C. X. (2016).
Insights from the cold transcriptome and metabolome of Dendrobium officinale: global
reprogramming of metabolic and gene regulation networks during cold acclimation.
Front. Plant Sci. 7, 1653. doi: 10.3389/fpls.2016.01653

Xiao, J., Khan, M. Z.,, Ma, Y., Alugongo, G. M., Ma, J., Chen, T, et al. (2021). The
antioxidant properties of selenium and vitamin E; their role in periparturient dairy
cattle health regulation. Antioxidants 10 (10), 1555. doi: 10.3390/antiox10101555

Yamori, W., Hikosaka, K., and Way, D. A. (2014). Temperature response of
photosynthesis in C3, C4 and CAM plants: Temperature acclimation and
Temperature adaptation. Photosynthesis. Res. 119, 101-117. doi: 10.1007/s11120-013-
9874-6

Yamori, N., Levine, C. P., Mattson, N. S., and Yamori, W. (2022). Optimum root
zone temperature of photosynthesis and plant growth depends on air temperature in
lettuce plants. Plant Mol. Biol. 110, 385-395. doi: 10.1007/s11103-022-01249-w

Yamori, W., Noguchi, K., Hikosaka, K., and Terashima, I. (2010). Phenotypic
plasticity in photosynthetic temperature acclimation among crop species with
different cold tolerances. Plant Physiol. 152, 388-399. doi: 10.1104/pp.109.145862

Yamori, W., Noguchi, K., and Terashima, I. (2005). Temperature acclimation of
photosynthesis in spinach leaves: analyses of photosynthetic components and
temperature dependencies of photosynthetic partial reactions. Plant. Cell Environ.
28, 536-547. doi: 10.1111/j.1365-3040.2004.01299.x

Ye, Z., Bell, R. W, Dell, B,, and Huang, L. (2000). Applications in sustainable
production: Response of sunflower to boron supply at low root zone temperature.
Commun. Soil Sci. Plant Anal. 31, 2379-2392. doi: 10.1080/00103620009370592

frontiersin.org


https://doi.org/10.1093/mp/ssu049
https://doi.org/10.1093/mp/ssu049
https://doi.org/10.3390/agronomy9020047
https://doi.org/10.1093/mp/ssp104
https://doi.org/10.1021/ac050601e
https://doi.org/10.1021/ac050601e
https://doi.org/10.1007/s00726-010-0505-7
https://doi.org/10.1007/s00726-010-0505-7
https://doi.org/10.1016/j.celrep.2020.108127
https://doi.org/10.1016/j.jff.2012.07.006
https://doi.org/10.1038/s41598-018-25686-0
https://doi.org/10.21273/JASHS.122.2.175
https://doi.org/10.3389/fpls.2021.667407
https://doi.org/10.1016/j.jchromb.2007.05.002
https://doi.org/10.1111/j.1365-313X.2011.04599.x
https://doi.org/10.1093/aob/mcad127
https://doi.org/10.1016/0076-6879(87)48036-1
https://doi.org/10.1111/ppl.12279
https://doi.org/10.1104/pp.113.231720
https://doi.org/10.1104/pp.113.231720
https://doi.org/10.21273/HORTSCI17560-23
https://doi.org/10.21273/HORTSCI.43.7.1947
https://doi.org/10.3389/fpls.2019.00351
https://doi.org/10.3389/fpls.2019.00921
https://doi.org/10.1111/j.1365-2621.1986.tb10856.x
https://doi.org/10.1016/S0005-2728(89)80347-0
https://doi.org/10.1111/pce.14051
https://doi.org/10.1080/00380768.2011.555841
https://doi.org/10.1021/ac901143w
https://doi.org/10.1104/pp.41.7.1095
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1046/j.0031-9317.2001.1140108.x
https://doi.org/10.1046/j.0031-9317.2001.1140108.x
https://doi.org/10.1016/S1369-5266(00)00069-8
https://doi.org/10.2525/shita.22.2
https://doi.org/10.1007/s00425-012-1641-y
https://doi.org/10.1007/s00425-012-1641-y
https://doi.org/10.1080/01904169009364127
https://doi.org/10.1080/01904169009364127
https://doi.org/10.2503/jjshs.59.711
https://doi.org/10.3389/fpls.2023.1129335
https://doi.org/10.3389/fpls.2023.1129335
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1007/s10295-015-1665-y
https://doi.org/10.1007/s10295-015-1665-y
https://doi.org/10.1007/s11120-013-9873-7
https://doi.org/10.3389/fpls.2016.01653
https://doi.org/10.3390/antiox10101555
https://doi.org/10.1007/s11120-013-9874-6
https://doi.org/10.1007/s11120-013-9874-6
https://doi.org/10.1007/s11103-022-01249-w
https://doi.org/10.1104/pp.109.145862
https://doi.org/10.1111/j.1365-3040.2004.01299.x
https://doi.org/10.1080/00103620009370592
https://doi.org/10.3389/fpls.2024.1352331
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Raising root zone temperature improves plant productivity and metabolites in hydroponic lettuce production
	Introduction
	Materials and methods
	Plant materials and treatments
	Plant growth
	Determination of metabolites
	Ionome analysis
	Metabolite profiling analysis
	Determination of protein concentrations
	Energy consumption analysis
	Statistical analysis

	Results
	Effect of raising RZT on plant growth and metabolites
	Effect of raising RZT by 3&deg;C on proteins, elements, and metabolites
	Clustering elements and metabolites altered by raising the RZT by 3&deg;C
	Principle component analysis
	Two-factor ANOVA analysis
	Energy analysis of raising RZT by 3&deg;C on lettuce

	Discussion
	Raising RZT by 3&deg;C increases the metabolite, soluble protein, amino acid, and elements of lettuce
	Raising RTZ by 3&deg;C increases the value of lettuce

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


