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Abstract: The principal difference between hydroponics and other substrate cultivation methods
is the flowing liquid hydroponic cultivation substrate. Our previous studies have revealed that a
suitable flowing environment of nutrient solution promoted root development and plant growth,
while an excess flow environment was unfavorable for plants. To explain the thigmomorphogenetic
response of excess flow-induced metabolic changes, six groups of lettuce (Lactuca sativa L.), including
two flow conditions and three time periods, were grown. Compared with the plants without flow,
the plants with flow showed decreased root fresh weight, total root length, root surface area, and
root volume but increased average root diameter and root density. The roots with flow had more
upregulated metabolites than those without flow, suggesting that the flow may trigger metabolic
synthesis and activity. Seventy-nine common differential metabolites among six groups were screened,
and enrichment analysis showed the most significant enrichment in the arginine biosynthesis pathway.
Arginine was present in all the groups and exhibited greater concentrations in roots with flow than
without flow. It can be speculated from the results that a high-flowing environment of nutrient
solution promotes arginine synthesis, resulting in changes in root morphology. The findings provide
insights on root thigmomorphogenesis affected by its growing conditions and help understand how
plants respond to environmental mechanical forces.

Keywords: thigmomorphogenesis; nutrient solution flow; mechanical stimulation; root morphology;
hydroponics; metabolomics

1. Introduction

Hydroponics uses nutrient solutions to provide plants with the necessary nutrients
and a suitable environment for growth, thereby eliminating the need for soil. This cul-
tivation method can save land and allow for the precise control of nutrients and water
provided to plants [1]. Compared with soil cultures, hydroponics provides a more stable
growing environment, thus allowing plants to grow faster and produce higher yields while
reducing the spread of soil-borne diseases and pests [2]. Furthermore, hydroponics plays
an important role in special settings, such as vertical farms and urban agriculture. Despite
some technical challenges, hydroponics has been widely applied in modern agriculture
and has great development potential [3].

The main difference between hydroponics and soil- or substrate-based cultivation is
that hydroponics uses a flowing medium, like nutrient solution, as the cultivation substrate.
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This nutrient solution offers several unique advantages [4]. First, it promotes the circulation
and even distribution of nutrient ions within the cultivation system and can deliver nutrient
ions to plant roots via the circulation system, thereby preventing the formation of nutrient-
depleted zones and ensuring an adequate nutrient supply to roots. Adequate nutrient
delivery is one of the reasons for rapid plant growth [5]. Second, the flow of the nutrient
solution provides mechanical stimulation to the roots [6], exerting pressure and friction on
the plant roots that induce root thigmomorphogenesis.

Thigmomorphogenesis [7] is a phenomenon in which mechanical stimulation influ-
ences plant growth, morphology, and development. Plants adjust and establish their own
morphological structures in response to physical interactions with their surrounding envi-
ronment [8,9]. This mechanism allows plants to adaptively respond to external stimuli and
environmental conditions. During thigmomorphogenesis, plants perceive and respond to
mechanical stimuli by regulating their growth direction and morphology to construct spe-
cific tissue structures [10]. This allows plants to establish suitable morphological structures
under different environmental conditions to maximize their adaptations to and survival in
their current environment. Typically, plants undergo significant morphological changes,
such as dwarfing, elongation, stem mechanical property alterations, delayed flowering,
increased root anchorage strength, and reduced stomatal aperture [10-12].

The root is a vital organ for nutrient absorption in plants, and its morphology and
structure significantly affect nutrient uptake [13]. Thigmomorphogenesis occurs when roots
experience pressure and friction from the flow of a nutrient solution. Roots adjust their mor-
phology to adapt to the specific flow-field conditions of the nutrient solution, which directly
affects the nutrient absorption capacity of the plant and indirectly influences plant growth
and yield [6,14]. Several studies have been conducted on plant thigmomorphogenesis, with
most focusing on the morphological adjustments and establishment of aboveground plant
parts in response to wind [15], rain [16], hail [17], animal touch [18], and other mechanical
forces. These studies have mainly examined morphological changes in the stem, leaf, and
flower, such as the leaning response of trees and long-term deformation of stems [19-21]
induced by aerial environmental factors. This could be attributed to the ease of observing
and studying aerial environments and the resulting morphological changes, as well as their
greater relevance and attention received in the fields of biology and agriculture. However,
few studies have investigated thigmomorphogenesis in plant roots. The scarcity of research
in this field may be due to various reasons, including technical difficulties in controlling
rootzone environments, observing and measuring root morphological changes induced by
underground environmental factors, and a relatively limited understanding of the rootzone
environment of plants. In particular, research on root thigmomorphogenesis induced by
nutrient solution flow is limited.

Thigmomorphogenesis is now attracting great interest from researchers. Studies have
revealed the mechanisms of thigmomorphogenesis from the perspectives of hormone,
epigenetic modification, and gene regulation. For instance, GA; was reduced by touch
in Arobidopsis, inhibiting its growth [22]. The phosphorylation of TREPH1 induced by
touch resulted in delayed bolting [23]. Touch activated ethylene signaling, and PGX3 was
inhibited by EIN3, which reduced cell elongation [24].

Plant development is determined by both genetic and environmental factors, and
metabolites play a key role in the process of phenotype formation [25,26]. Under the flow
of a nutrient solution, metabolites are closely connected with the perception and response
of roots to flow stimuli. These metabolites regulate and transmit signals within plants that
can influence their physiological responses and morphological changes in response to envi-
ronmental stimuli [27]. Furthermore, the composition and content of metabolites vary with
plant growth stage. Plants produce different types and amounts of metabolites at different
growth stages. These differences may involve changes in multiple metabolic pathways
and key enzymatic activities, resulting in altered metabolite synthesis and regulation [28].
When analyzing the mechanism of thigmomorphogenesis, it is necessary to consider the
differences in metabolites at different growth stages. Understanding the role of different
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metabolites in plants at different growth stages in the process of thigmomorphogenesis
caused by nutrient solution flow is crucial for a better understanding of the mechanisms of
adaptive responses and morphological adjustments in plant root systems.

Our previous studies have revealed that plant growth was promoted by a flow rate
of no more than 4 L/min [5,6]. It is curious that a higher flow rate might allow for an
adequate nutrient mixture and bring more oxygen; however, plant growth was inhib-
ited. Therefore, this study was carried out by comparing two nutrient solution flow rates
(5: 0 L/min, F: 30 L/min) for three sampling periods (1-3 weeks), resulting in a total of six
treatments. The F1-F3 indicate sampling periods of 1-3 weeks, respectively, with a flow rate
of 30 L/min, while S1-S3 indicate sampling periods of 1, 2, and 3 weeks, respectively, with
a flow rate of 0 L/min. The results would elucidate the thigmomorphogenetic response
of lettuce root under a high-flowing environment of nutrient solution. By comparing
the composition and content of root metabolites between the two conditions, potential
metabolic pathways associated with the response to flowing stimuli were identified.

2. Results
2.1. Effects of High-Flowing Environment on Plant Growth and Root Morphology with
Growth Stage

Compared with S2 and S3, the shoot fresh weights of F2 and F3 plants were signifi-
cantly decreased by 25.3% and 10.4%, respectively, whereas significant differences were
not observed between S1 and F1 (Figure 1A). Only F3 and S3 showed significant differ-
ences in root fresh weight, and their change trend was similar to that of shoot fresh weight
(Figure 1B). The flow of the nutrient solution had a significant effect on the root morphology
at different sampling periods. Specifically, compared with 51-53, the total root length of
F1-F3 decreased by 45.2%, 29.0%, and 37.2%, respectively (Figure 1C), and the root surface
area decreased by 37.8%, 24.3%, and 30.6%, respectively (Figure 1D). Compared with S1 and
S3, the root volumes of F1 and F3 were significantly lower (Figure 1E). However, changes
in average root diameter and root density showed opposite trends compared with length
and surface area. Compared with S1-S3, the average root diameters of F1-F3 significantly
increased by 13.3%, 7.4%, and 9.8%, respectively (Figure 1F), and the root density increased
by 7.0%, 6.4%, and 8.3%, respectively (Figure 1G).
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Figure 1. Root (A) and shoot (B) fresh weights and root morphology, including length (C), surface area
(D), volume (E), diameter (F), and density (G), under different treatments. All data were statistically
analyzed using independent sample f-tests, and the statistical results were expressed as the mean +
standard error (1 = 5). A value of p < 0.05 indicated significant differences. *: p < 0.05; **: p < 0.01;
***: p <0.001; “ns” means no significant difference.
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2.2. Widely-Targeted Metabolite Detection

A total of 2139 metabolites were detected, including 320 phenolic acids, 279 terpenoids,
272 flavonoids, 208 amino acids and their derivatives, 204 lipids, 200 alkaloids, 140 or-
ganic acids, 105 lignans and coumarins, 82 nucleotides and their derivatives, 21 quinones,
six steroids, four tannins, and 298 others. In total, 2128, 2127, 2126, 2115, 2133, and
2120 metabolites were detected in the S1, S3, S3, and F1-F3 groups, respectively.

In the principal component analysis (PCA) results, the six groups of samples showed
significant separation, indicating significant changes in the metabolites in the treated
samples (Figure 2). Simultaneously, the quality control (QC) samples clustered together
and partially overlapped, indicating that the results of this study are reliable and repeatable.
The first and second principal components explain 27.9% and 16.9% of the features in the
original dataset, respectively.
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Figure 2. Result of PCA of roots under different treatments. F1-F3 indicate sampling periods of
1-3 weeks with a flow rate of 30 L/min, while S1-S3 indicate sampling periods of 1-3 weeks with a

flow rate of 0 L/min, respectively.

Orthogonal partial least squares discriminant analysis (OPLS-DA) analysis showed
that R?X and R?Y represent the explanatory powers of the constructed model for the X
and Y matrices, respectively. The Q? of these three comparative groups was close to 0.9,
indicating that the model was very good (Figure 3). The OPLS-DA score chart indicates
a significant separation between the F and S treatments in the group comparisons for the
three time periods.
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Figure 3. Result of OPLS-DA between F1 and S1 (A,B), F2 and S2 (C,D), and F3 and S3 (E,F). F1-F3
indicate sampling periods of 1-3 weeks with a flow rate of 30 L/min, while S1-S3 indicate sampling
periods of 1-3 weeks with a flow rate of 0 L/min, respectively.

The K-means clustering analysis was conducted on the differential metabolites in all
group comparisons. As shown in Figure 4A-D, in F1-F3, over time, 596 metabolites showed
an upward trend, 616 showed a downward trend, and 201 metabolites showed an upward
trend and then a downward trend. In S1-5S3, over time, 616 metabolites showed an upward
trend, 503 metabolites showed a downward trend, and the remaining 294 metabolites
showed a trend of initially increasing and then decreasing (Figure 4E-H).

There were 513 differential metabolites identified in the comparison between the F1
and S1 groups, with 362 upregulated and 151 downregulated (Figure 5A); 382 differen-
tial metabolites were identified in the comparison between the F2 and S2 groups, with
301 upregulated and 81 downregulated (Figure 5B); and 358 differential metabolites were
detected in the comparison between the F3 and S3 groups, with 268 upregulated and
90 downregulated (Figure 5C). In these three group comparisons, the number of upregu-
lated metabolites was higher than that of downregulated metabolites, indicating that the
nutrient solution flow may activate physiological and metabolic activities related to root
morphological changes.

2.3. Key Differential Metabolites and Metabolic Pathways

The unique and common differential metabolites between F1 and S1, F2 and S2, and
F3 and S3 are described using Wayne plots (Figure 6). Among these three comparative
groups, 79 overlapping differential metabolites were considered key metabolites that affect
root morphology.
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Figure 5. Volcano maps of different metabolites between F1 and S1 (A), F2 and S2 (B), and
F3 and S3 (C). F1-F3 indicate sampling periods of 1-3 weeks with a flow rate of 30 L/min, while
51-5S3 indicate sampling periods of 1-3 weeks with a flow rate of 0 L/min, respectively.
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Figure 6. Wayne diagram of different metabolites under different treatments. F1-F3 indicate sampling
periods of 1-3 weeks with a flow rate of 30 L/min, while S1-53 indicate sampling periods of 1-3 weeks
with a flow rate of 0 L/min, respectively.
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A cluster analysis of these 79 key differential metabolites revealed that a total of
22 phenolic acids (including caffeic acid, gallic acetophenone, methyl p-coumaric acid,
ferulic acid 4-O-glucoside, and sodium ferulate) and 15 amino acids and their derivatives
(including L-histidine, L-asparagine, L-arginine, N-«-Acetyl-L-ornithine, and L-citrulline)
were found to have a higher content in group F treatments (Figure 7). In addition, KEGG
enrichment analysis was conducted on these 79 substances, which were mainly annotated
and enriched in the arginine, amino acid, aminoacyl-tRNA, and secondary metabolite
biosynthesis pathways (Figure 8).
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Figure 7. Cluster heat maps of common different metabolites between F1 and S1 (A), F2 and S2 (B),
and F3 and S3 (C). F1-F3 indicate sampling periods of 1-3 weeks with a flow rate of 30 L/min, while
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Figure 8. KEGG enrichment analysis of common differential metabolites.

The secondary metabolic biosynthesis pathways contained the most common dif-
ferential metabolites (eight substances), followed by the amino acid (five substances),
aminoacyl-tRNA (three substances), and arginine biosynthesis (three substances) pathways.
Common differential metabolites enriched in the arginine pathway were also included
in the amino acid and secondary metabolic biosynthesis pathways. The arginine biosyn-
thesis pathway was the most significantly enriched pathway, according to the p-values.
Among the 79 key differential metabolites, a total of three substances were enriched in
the arginine biosynthesis pathway, namely, N-acetyl-ornithine, citrulline, and arginine.
As shown in Figure 9, in the arginine synthesis pathway, N-acetyl-ornithine, citrulline,
and arginine were significantly upregulated in all three group comparisons; glutamine,
aspartate, putrescine (Put), and spermine (SPM) were significantly upregulated only in
the first week; L-argininosuccinate was significantly upregulated while Put, spermidine
(SPD), and SPM were significantly downregulated in the F2 vs. S2 and F3 vs. S3 groups;
and N-acetyl-glutamate was significantly downregulated in the F2 vs. S2 group. We also
performed a differential metabolite correlation analysis for 11 metabolites enriched in the
arginine biosynthesis pathway (Figure 10). The results showed that N-acetyl-ornithine
was negatively correlated with N-acetyl-glutamate, glutamate, and 2-oxoglutarate, while
arginine was negatively correlated with N-acetyl-glutamate and 2-oxoglutarate. In addition,
the other metabolites were positively correlated with each other.
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Figure 9. Changes of metabolites in the arginine biosynthesis pathway regulated by nutrient solution
flow. Note: the top color block represents the relative content of metabolites in the six treatments,
with red and green representing high and low content, respectively; the lower color block represents
the up- or down-regulation of metabolites in the three comparison groups; red, blue, and green
indicate that the metabolites were significantly up-regulated, not changed significantly, and signif-
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3. Discussion

Hydroponics is a commonly used planting method in facility agriculture, and it is
playing an increasingly important role in ensuring vegetable production and promoting
botanical research development because of its advantages, such as a controllable growth
environment, water conservation, soil-less cultivation, and environmental friendliness [1].
As previously mentioned, the cultivation substrate of hydroponics is a fluid, and this
flowing nutrient solution can cause mechanical stimulation that affects root morphology
and plant growth [5]. Studying the influence of nutrient solution flow on plant growth is
important for understanding hydroponics. The root is a plant organ that comes into direct
contact with the nutrient solution and plays an important role in thigmomorphogenesis
caused by the nutrient solution flow. Considering that the formation of the root morphology
is associated with metabolites [29-31], this study analyzed the roots of plants at different
growth stages with and without flow conditions (F and S treatments, respectively), and the
results showed that the yield of lettuce was reduced and the root became more compact
under a high-flowing environment of nutrient solution.

The analysis results showed that the fresh weights of both shoots and roots in the
F treatment were lower than those in the S treatment, although this difference was not
significant in the early growth stage. The reason for this lack of significance may be that
the metabolites affecting the phenotype require time to exert their influence. Although the
metabolites of the roots grown under different flow conditions showed differential changes
after approximately 7 d of treatment, it may take some time until these differences are
translated into the phenotype. Additionally, we found that plants exhibited poorer growth
when exposed to a high-flow environment, which is consistent with the conclusions of
Baiyin et al. [4-6].

We also observed that certain parameters had higher values in the S treatment than the
F treatment, such as the root total length, root surface area, and root volume, whereas higher
values for root density and average root diameter were found in the F treatment. This
suggests that a flow rate of 30 L/min may be excessive and result in thigmomorphogenesis.
Thus, the roots adapt to the high-flow-rate environment by changing the morphology
of their roots, which become shorter, thicker, and denser. Moreover, such changes in
root morphology, especially the reduction in surface area, are unfavorable for nutrient
absorption by plants, leading to decreased nutrient uptake and a slower growth rate.

We analyzed the composition of root metabolites under different flow conditions
during different growth stages. An analysis of the PCA and OPLS-DA results showed
that both the growth stage and flow treatment had an impact on metabolite composition.
Even with the same treatment, the metabolites in the roots at different stages differed.
This suggests that the concentrations and compositions of metabolites related to root
morphology vary at different stages. From the OPLS-DA results, significant differences in
metabolites were observed between the F and S treatments, regardless of the time period.
Volcano plots comparing these three different growth stages showed that the number
of upregulated metabolites was higher than the number of downregulated metabolites,
indicating that the flow of nutrient solution may activate key physiological metabolic
activities associated with changes in root morphology, leading to increased synthesis and
regulation of certain metabolites under flow conditions. Identifying common differential
metabolites with and without flow conditions during different growth stages may be crucial
for explaining the mechanism of thigmomorphogenesis induced by nutrient solution flow.

Based on our analysis, we identified 79 common differential metabolites that are
considered key metabolites influencing root thigmomorphogenesis. Cluster analysis of
these 79 metabolites revealed that the F treatment had higher levels of 22 phenolic acids
and 15 amino acids and their derivatives than the S treatment (Figure 7). Phenolic acids
can act as antioxidants by helping plants counteract oxidative stress by neutralizing free
radicals and mitigating cell damage caused by environmental stress [32]. Phenolic acids
also play a role in cell division and elongation at the root apex, thus providing the necessary
materials and energy for cell wall synthesis [33]. Amino acids and their derivatives have
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various effects on plant root growth and development, including protein synthesis, plant
hormone activation, stress responses, and root morphology regulation [34]. These actions
contribute to plant adaptations and normal root growth maintenance. Amino acids are
fundamental proteins. During root growth, amino acids are involved in the synthesis of
proteins required in the root apical cells [35], including enzymes and structural proteins.
This is crucial for cell division, expansion, growth, and the extension of roots. Certain
amino acids serve as precursors for plant hormones. For example, lysine can generate
various hormones such as indole-3-acetic acid (IAA) and ethylene [36]. These hormones
are involved in the regulation of root growth, root development, and lateral root formation.
Certain amino acid metabolites play important roles in plant root stress responses. For
example, glutamate and proline are important antioxidants that can neutralize free radicals
and alleviate damage caused by environmental stress to the roots. Amino acids and their
derivatives can also influence the morphology and spatial distribution of roots [37].

To identify the key metabolic pathways, KEGG enrichment analysis was performed on
these 79 substances. These substances were mainly annotated and enriched in the arginine,
amino acid, aminoacyl-tRNA, and secondary metabolite biosynthesis pathways (Figure 8).
We analyzed the arginine biosynthetic pathway, which was the most significantly enriched
metabolic pathway. The upstream and downstream metabolisms of arginine are shown
in Figure 9. Among the 79 differentially expressed metabolites, three substances were
enriched in the arginine biosynthesis pathway: N-acetylornithine, citrulline, and arginine.
These three substances were significantly upregulated in all three comparison groups.
Moreover, the metabolic network diagram revealed a positive correlation between these
three metabolites.

Arginine plays a crucial regulatory role in plant root development. It promotes the
formation and growth of root hairs and stimulates lateral root branching [38], regulates
root development, and enhances root stress tolerance [39]. These functions contribute
to the ability of plants to absorb water and nutrients, thereby enabling them to adapt to
different environmental conditions. The specific mechanisms underlying arginine’s role
in root development include regulatory effects exerted via its participation in nitric oxide
signaling, polyamine synthesis, and hormone regulation pathways [40]. These mechanisms
interact to collectively regulate root growth, differentiation, and stress responses, thereby
influencing the absorption capacity, adaptability, and overall growth and development
of plants.

Xia et al. [41] tested the effects of different concentrations of arginine on root elongation
in both wild-type and mutant rice plants and noted that, in some plants, an appropriate
concentration of arginine is essential for normal root growth. Wen et al. [42] found that the
early addition of arginine significantly inhibited the growth of adventitious roots in Triptery-
gium wilfordii. However, different concentrations of arginine added at different time points
had varying degrees of inhibitory effects on adventitious root growth. Glian‘ko et al. [43]
tested arginine concentrations of 0.1, 0.5, and 4 mM and found that 0.1 mM arginine had
no effect while 4 mM arginine negatively affected root growth. The inhibitory effect of high
doses of arginine on growth may be attributed to the accumulation of other compounds
synthesized in conjunction with nitric oxide, such as peroxynitrite [44].

Arginine serves as a precursor for the generation of nitric oxide (NO) and polyamines
(PAs), and it participates in multiple physiological and pathological processes in both
animals and plants by transforming into signaling molecules such as PA and NO [45]. NO
is an extremely unstable biological free radical present in various tissues. It has broad
physiological effects and acts as a messenger in both animals and plants [46]. Auxins can
regulate root growth and development by activating protein kinases and can induce the
formation of adventitious roots via NO. Additionally, NO activates MAPK and acts as an
intermediate messenger in auxin-induced lateral root initiation [47,48]. Gouvea et al. [49]
observed that NO is involved in promoting root growth and found that NO induces cell
elongation in a manner similar to that induced by auxins.
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In addition to being catalyzed by nitric oxide synthase (NOS) to form NO, arginine can
also be converted into agmatine via the action of arginine decarboxylase (ADC) and then
further hydrolyzed by agmatinase to form PAs. It can also be converted into ornithine by
the action of arginase, and under the catalysis of ornithine decarboxylase (ODC), ornithine
is further transformed into PAs, which can then be further converted into other PAs, such as
Put, SPD, and SPM [50-52]. PAs are a class of low-molecular-weight aliphatic nitrogenous
bases that exhibit physiological activities within organisms [53]. They are involved in
various physiological and biochemical processes and reactions, such as cell division, DNA
condensation, membrane stabilization, hormone signal transduction, and stress resistance,
in both animals and plants [54].

Exogenous PAs and arginine have been shown to increase the number of new roots in
apple seedlings [55]. PA promotes root growth at low concentrations but exerts inhibitory
effects at high concentrations [56]. This effect of PA has been attributed to the regulation of
cell division [57]. In summary, the regulatory effects of arginine and its metabolic products
on root development may be similar to those of auxin. For example, it promotes growth in
small quantities but inhibits growth in larger quantities. It is speculated that, in comparison
to the S group, in the F group, the enhanced regulation by arginine and hormones involving
arginine may lead to excessive promotion, resulting in the inhibition of root elongation and
growth, leading to a shorter, thicker, and denser root morphology.

This study did not directly test the effects of NO or provide or consider explanations
at the RNA, hormonal, or protein levels. To gain a more comprehensive and accurate
understanding of the study results, future research should directly detect and measure
the levels and activity of NO in cells using appropriate experimental techniques, such
as chemical probes or biochemical methods, to verify the impact of arginine on NO pro-
duction. Transcriptomic analysis should also be conducted to study the changes in gene
expression related to arginine in cells after flow treatment. Such work will provide a better
understanding of the regulatory role of flow in arginine-related gene transcription levels
and its potential interactions with gene signaling pathways associated with NO production.
Additionally, further investigations should be performed on the effects of arginine on the
levels of hormones, particularly those related to NO and plant growth, such as the regu-
lation of NOS activity, NO release, and auxin synthesis. Furthermore, this study focused
on identifying the key metabolites that influence thigmomorphogenesis and provided a
preliminary exploration of the effects of nutrient solution flow on thigmomorphogenesis.
Only the key metabolites and search processes are explained. In addition, the methodology
used in this study took advantage of stable environmental conditions and ease of handling;
however, it is not perfect because the dissolved oxygen of nutrient solutions in the S and
F treatments might be different, and the results might be affected. Therefore, gradient
designs for flow treatments will be conducted in the future to determine the differences
in plant growth and metabolites under different flow rates, which will further validate
and expand upon the conclusions of this study. Such work could be achieved via an
appropriate experimental design and biochemical analysis. By further analyzing these
factors, more comprehensive research results can be obtained, which will provide insights
into the mechanisms underlying the effects of arginine, including its interaction with NO,
transcription factors, hormones, and proteins. Further studies will help reveal the effects
of arginine on thigmomorphogenesis and its interactions with NO at the transcriptional,
hormonal, and protein levels.

4. Materials and Methods
4.1. Cultivation

The plant used in this study was lettuce (Lactuca sativa L.) (long-tillage; Hebei Manchou
Agri-Tech Co., Ltd., Shijiazhuang, China). First, the seeds were placed in seedling trays
filled with moist vermiculite for germination. Seven days after sowing, seedlings with
consistent growth were selected and transplanted into plastic containers containing 20 L of
a standard nutrient solution for seven days of cultivation. Then, seedlings with relatively
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consistent growth were planted in cultivation tanks (length: 1.7 m, width: 0.2 m, height:
0.2 m). Each cultivation tank was filled with 50 L of standard nutrient solution (pH = 5.7
and EC = 2.25). Each treatment (F1-F3, S1-53) had three replicates (three cultivation tanks),
with five plants per cultivation tank. A commercially available nutrient solution (vegetable
and flower general nutrient solution; Caijudongli Agri-Tech Co., Ltd., Zhengzhou, China)
was used for the hydroponic experiment. The compositions and concentrations of the
standard nutrient solutions are listed in Table 1.

Table 1. The composition and concentration of the standard nutrient solution.

Composition Concentration
Ca(NOs),-4H,0 945 mg/L
KNO3 607 mg/L
NH;H,PO, 115 mg/L
MgSO,-7H,0 493 mg/L

NayFe(EDTA) 20-40 mg/L

H3BO3 2.86 mg/L
MnSOy-4H,O 213 mg/L
ZnSO4-7H,O 0.22mg/L
CuS0Oy4-5H,O 0.08 mg/L
(NH4)6MO7024'4H20 0.02 mg/L

The diagram of the cultivation device used in this study is shown in Figure 11A. The nu-
trient solution was circulated using a water pump (XDP-7500, SENSEN GROUP Co., Ltd.,
Zhoushan, China), and the flow rate of the nutrient solution was monitored using a
digital flow meter (display: ZJ-LCD-S2, and sensor: B7; Zhongjiang Dianzi Co., Ltd.,
Shenzhen, China). LED lights (WZ-90, Shandong Guixiang Guangdian Co., Ltd,,
Weifang, China) were used for illumination during the experiment. Light intensity on
the cultivation plate was measured using a light meter (AvaSpec-ULS2048XL-RS-EVO,
Avantes, the Netherlands). The photosynthetic photon flux density (PPFD) was approxi-
mately 550 umol/s/m? (spectrum information in Figure 11B). The light cycle was set to
16 h:8 h (light/dark). The average ambient temperature of the cultivation room during the
cultivation period was 25 + 1 °C, and the relative humidity was 65 £ 5%.

LED light
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Figure 11. Schematic diagram of the cultivation device (A) and spectrum information of the LED
light used in this study (B).

4.2. Measurement and Statistical Analysis
4.2.1. Fresh Weight and Root Morphology

Sampling was conducted 1-3 weeks after planting, and the shoot and root samples
were separated. First, an electronic balance (FA2204, Shanghai Lichen Co., Ltd., Shanghai,
China) was used to measure the plant’s fresh weight. A root scanning system and analysis
software (WinRhizo 2013, Regent INS, Quebec, QC, Canada) were used to measure the
total root length, root surface area, root volume, and average root diameter. For samples
intended for metabolite analysis, the root samples were immediately flash-frozen in liquid
nitrogen for 15 min after sampling and then stored at —80 °C.

4.2.2. Metabolite Extraction and Detection

The plants were harvested at different time points in both conditions for widely
targeted metabolite analysis. Metabolite extraction was performed according to the protocol
described by Zhang et al. [58]. First, the entire root of a lettuce plant was placed in a
freeze dryer (Scientz-100F, Scientz, Ningbo, China) for vacuum freeze-drying, followed by
grinding using a grinder (MM 400, Retsch, Germany) at 30 Hz for 1.5 min until a powder
form was obtained, which was then thoroughly mixed. Next, 50 mg of freeze-dried powder
was accurately weighed and added to 1200 pL of —20 °C pre-chilled 70% methanol-water
internal standard extraction solution. The mixture was vortexed six times (every 30 min,
with each vortex lasting 30 s). After centrifugation at 12,000 rpm (11,304 x g) for 3 min,
the supernatant was collected and filtered through a microporous membrane (0.22 pm
pore size) and then stored in sample vials for UPLC-MS/MS analysis. QC samples were
prepared by mixing equal amounts of supernatants from all samples.

Then, an UPLC-ESI-MS/MS system (UPLC, ExionLC AD, https://sciex.com.cn/
(accessed on 2 September 2023); tMS/MS, Applied Biosystems 6500 QTRAP, http://www.
appliedbiosystems.com.cn/ (accessed on 2 September 2023), Framingham, MA, USA) was
used to analyze the root extracts. The analytical conditions were as follows [59]: UPLC:
column, Agilent SB-C18 (1.8 pm, 2.1 mm x 100 mm); mobile phase: solvent A, pure water
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with 0.1% formic acid; solvent B, acetonitrile with 0.1% formic acid. Sample measurements
were performed using a gradient program that employed starting conditions of 95% A
and 5% B. Within 9 min, a linear gradient of 5% A and 95% B was programmed, and a
composition of 5% A and 95% B was maintained for 1 min. Subsequently, the composition
was adjusted to 95% A and 5.0% B within 1.1 min and maintained for 2.9 min. The flow
velocity was set at 0.35 mL per minute; the column oven was set to 40 °C; and the injection
volume was 2 pL. The effluent was alternately connected to an ESI-triple quadrupole linear
ion trap (QTRAP)-MS.

The ESI source operation parameters were as follows [60]: source temperature, 500 °C;
ion spray voltage (IS), 5500 V (positive ion mode)/—4500 V (negative ion mode); ion
source gas I (GSI), gas II (GSII), and curtain gas (CUR), 50, 60, and 25 psi, respectively; the
collision-activated dissociation (CAD) was high. QQQ scans were acquired in the multiple
reaction monitoring (MRM) experiments with a collision gas (nitrogen) in the medium. The
declustering potential (DP) and collision energy (CE) for individual MRM transitions were
determined via further DP and CE optimization. A specific set of MRM transitions was
monitored for each period according to the metabolites eluted within this period [61].

4.2.3. Data and Statistical Analysis

Based on the MWDB database (Metware Biotechnology Co., Ltd., Wuhan, China) and
public databases, the substances were qualitatively analyzed based on information from
the MS/MS spectra. The metabolites were quantitatively analyzed using the MRM [62].
Analyst software (version 1.6.3, Sciex, Framingham, MA, USA) was used to process the
mass spectrometry data.

The PCA was performed using the built-in statistical function prcomp in R software
(www.r-project.org/ (accessed on 5 September 2023)). Metabolite abundance data were
preprocessed using unit variance scaling (UV), and the accumulation patterns of metabolites
among different samples were determined via hierarchical cluster analysis (HCA). The
ComplexHeatmap package in R software was utilized to create a clustering heatmap.
Furthermore, the built-in cor function in R was used to calculate Pearson’s correlation
coefficient (r) to evaluate the correlations among biological replicates.

The OPLS-DA was used to conduct log2 conversions on the raw data and then for
performing centralized processing. The MetaboAnalystR package OPLSR’s anal functions
in R software were then used for analysis [63]. Score maps were drawn for each group,
and VIP (variable importance in projection) values were obtained to preliminary screen for
intergroup differential metabolites (VIP > 1). The FC (Fold change) univariate statistical
analysis method was applied for further screening of differential metabolites (FC > 2.0 or
FC <0.5).

The KEGG Compound database (http://www.kegg.jp/kegg/compound/ (accessed
on 9 October 2023)) was used to annotate the identified metabolites, and then the annotated
metabolites were mapped to the KEGG Pathway database (http://www.kegg.jp/kegg/
pathway.html (accessed on 9 October 2023)). Pathways mapped to significantly regulated
metabolites were then assessed via metabolite set enrichment analysis (MSEA), and their
significance was determined using hypergeometric test p-values [58].

SPSS (version 26, IBM, Chicago, IL, USA) was used for the statistical analysis of the
plant growth indicators. All data were statistically analyzed using independent sample
t-tests, and the statistical results were expressed as the mean =+ standard error (n =5). A
value of p < 0.05 indicated significant differences.

5. Conclusions

The growth of lettuce was inhibited by a high-flowing environment of nutrient solu-
tion, resulting in a lower yield and a more compact root. By comparing the accumulation
of differential metabolites, we found that the root of lettuce produced more metabolites,
such as amino acids and their derivatives, as well as phenolic compounds, under a high-
flow environment. These metabolites may be associated with plant defense responses
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and adaptability. Moreover, arginine biosynthesis was considered a key pathway that
influenced the root development of lettuce. The findings would help understand how root
thigmomorphogenesis is induced by a high-flowing environment of nutrient solution in
hydroponics from the perspective of metabolism.

Author Contributions: Conceptualization, Q.Y. and B.B.; methodology, B.B.; software, Y.X. and B.B.;
formal analysis, B.B. and Y.X.; investigation, B.B. and Y.X.; resources, Q.Y. and B.B.; data curation,
B.B. and Y.X.; writing—original draft preparation, B.B.; writing—review and editing, B.B., Y.X., ].H.,
KT,JES., SY. and Q.Y,; supervision, K.T.,, J.LE.S., S.Y. and Q.Y.; funding acquisition, Q.Y. and B.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Agricultural Science and Technology Innovation Program
(ASTIP-CAAS).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Acknowledgments: We thank Xinyan Wang for providing us with technical support. Further, we
thank the Department of Infrastructure Construction of the Institute of Urban Agriculture, Chinese
Academy of Agricultural Sciences, for supporting us with the experimental site.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pomoni, D.I.; Koukou, M.K.; Vrachopoulos, M.G.; Vasiliadis, L. A review of hydroponics and conventional agriculture based on
energy and water consumption, environmental impact, and land use. Energies 2023, 16, 1690. [CrossRef]

2. Khan, S.; Purohit, A.; Vadsaria, N. Hydroponics: Current and future state of the art in farming. J. Plant Nutr. 2021, 44, 1515-1538.
[CrossRef]

3. Singh, S.R; Rajan, S. Vertical Hydroponics: A Future Technology for Urban Horticulture; Indian Horticulture; Indian Council of
Agricultural Research: New Delhi, India, 2022.

4. Baiyin, B.; Tagawa, K.; Yamada, M.; Wang, X.; Yamada, S.; Yamamoto, S.; Ibaraki, Y. Study on plant growth and nutrient uptake
under different aeration intensity in hydroponics with the application of particle image velocimetry. Agriculture 2021, 11, 1140.
[CrossRef]

5. Baiyin, B,; Tagawa, K.; Yamada, M.; Wang, X.; Yamada, S.; Yamamoto, S.; Ibaraki, Y. Effect of the flow rate on plant growth and
flow visualization of nutrient solution in hydroponics. Horticulturae 2021, 7, 225. [CrossRef]

6.  Baiyin, B.; Tagawa, K.; Yamada, M.; Wang, X.; Yamada, S.; Shao, Y.; An, P.; Yamamoto, S.; Ibaraki, Y. Effect of nutrient solution
flow rate on hydroponic plant growth and root morphology. Plants. 2021, 10, 1840. [CrossRef]

7. Chehab, EW,; Eich, E.; Braam, J. Thigmomorphogenesis: A complex plant response to mechano-stimulation. J. Exp. Bot. 2009,
60, 43-56. [CrossRef] [PubMed]

8. Braam, J.; Chehab, E.W. Thigmomorphogenesis. Curr. Biol. 2017, 27, R863-R864. [CrossRef]

9.  Coutand, C. Mechanosensing and thigmomorphogenesis, a physiological and biomechanical point of view. Plant Sci. 2010,
179, 168-182. [CrossRef]

10. Bornke, F; Rocksch, T. Thigmomorphogenesis—Control of plant growth by mechanical stimulation. Sci. Hortic. 2018, 234, 344-353.
[CrossRef]

11. Ishihara, K.L.; Lee, E.EK.W.; Borthakur, D. Thigmomorphogenesis: Changes in morphology, biochemistry, and levels of transcrip-
tion in response to mechanical stress in Acacia koa. Can. |. For. Res. 2017, 47, 583-593. [CrossRef]

12.  Brenya, E.; Pervin, M.; Zhong-Hua, C.; Tissue, D.T.; Johnson, S.; Braam, J.; Cazzonelli, C.I. Mechanical stress acclimation in plants:
Linking hormones and somatic memory to thigmomorphogenesis. Plant Cell Environ. 2022, 4, 45. [CrossRef] [PubMed]

13. Barber, S.A; Silberbush, M. Plant root morphology and nutrient uptake. ASA Spec. Publ. 1984, 49, 65-87.

14. Baiyin, B.; Tagawa, K.; Yamada, M.; Wang, X.; Yamada, S.; Yamamoto, S.; Ibaraki, Y. Effect of substrate flow rate on nutrient
uptake and use efficiency in hydroponically grown Swiss chard (Beta vulgaris L. ssp. cicla “Seiyou Shirokuki”). Agronomy 2021,
11, 2050. [CrossRef]

15. Langer, M.; Hegge, E.; Speck, T.; Speck, O. Acclimation to wind loads and/or contact stimuli? A biomechanical study of peltate
leaves of Pilea peperomioides. |. Exp. Bot. 2022, 73, 1236-1252. [CrossRef]

16. Braam, J.; Davis, R.W. Rain-, wind-, and touch-induced expression of calmodulin and calmodulin-related genes in Arabidopsis.

Cell 1990, 60, 357-364. [CrossRef]


https://doi.org/10.3390/en16041690
https://doi.org/10.1080/01904167.2020.1860217
https://doi.org/10.3390/agriculture11111140
https://doi.org/10.3390/horticulturae7080225
https://doi.org/10.3390/plants10091840
https://doi.org/10.1093/jxb/ern315
https://www.ncbi.nlm.nih.gov/pubmed/19088336
https://doi.org/10.1016/j.cub.2017.07.008
https://doi.org/10.1016/j.plantsci.2010.05.001
https://doi.org/10.1016/j.scienta.2018.02.059
https://doi.org/10.1139/cjfr-2016-0356
https://doi.org/10.1111/pce.14252
https://www.ncbi.nlm.nih.gov/pubmed/34984703
https://doi.org/10.3390/agronomy11102050
https://doi.org/10.1093/jxb/erab541
https://doi.org/10.1016/0092-8674(90)90587-5

Int. . Mol. Sci. 2023, 24, 16616 21 of 22

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Battaglia, M.; Lee, C.; Thomason, W.; Fike, ].; Sadeghpour, A. Hail damage impacts on corn productivity: A review. Crop Sci. 2019,
59, 1-14. [CrossRef]

Braam, J. In touch: Plant responses to mechanical stimuli. New Phytol. 2005, 165, 373-389. [CrossRef]

Biro, R.L.; Jaffe, M.]. Thigmomorphogenesis: Ethylene evolution and its role in the changes observed in mechanically perturbed
bean plants. Physiologia Plantarum. 2010, 62, 289-296. [CrossRef]

Jaffe, M.].; Telewski, EW.; Cooke, PW. Thigmomorphogenesis: On the mechanical properties of mechanically perturbed bean
plants. Physiol. Plant. 2010, 62, 73-78. [CrossRef]

Telewski, FW. Mechanosensing and plant growth regulators elicited during the thigmomorphogenetic response. Front. For. Glob.
Change 2021, 3, 574096. [CrossRef]

Wang, L.; Ma, C.; Wang, S.; Yang, F.; Sun, Y.; Tang, J.; Luo, J.; Wu, J. Ethylene and jasmonate signaling converge on gibberellin
catabolism during thigmomorphogenesis in Arabidopsis. Plant Physiol. 2023, kiad556. [CrossRef] [PubMed]

Wang, K.; Yang, Z.; Qing, D.; Ren, F; Liu, S.; Zheng, Q.; Liu, J.; Zhang, W.; Dai, C.; Wu, M.; et al. Quantitative and functional
posttranslational modification proteomics reveals that TREPHI1 plays a role in plant touch-delayed bolting. Proc. Natl. Acad. Sci.
USA 2018, 115, E10265-E10274. [CrossRef] [PubMed]

Wu, Q.; Li, Y.;; Lyu, M,; Luo, Y.; Shi, H.; Zhong, S. Touch-induced seedling morphological changes are determined by ethylene-
regulated pectin degradation. Sci. Adv. 2020, 6, eabc9294. [CrossRef] [PubMed]

Iglesias, D.J.; Talon, G.-C. Plant phenotype demarcation using nontargeted lc-ms and gc-ms metabolite profiling. Arbona. J. Agric.
Food Chem. 2009, 57, 7338-7347.

Iason, G.; Moore, B.; Lennon, ].; Beaton, J. Plant Secondary Metabolite Polymorphisms and the Extended Chemical Phenotype. In
The Ecology of Plant Secondary Metabolites: From Genes to Global Processes; Cambridge University Press: New York, NY, USA, 2012;
pp. 247-268.

Bennett, R.N.; Wallsgrove, R.M. Secondary metabolites in plant defence mechanisms. New Phytol. 1994, 127, 617-633. [CrossRef]
Zulak, K.G.; Liscombe, D.K.; Ashihara, H.; Facchini, P.J. Plant Secondary Metabolites; Methods in Molecular Biology; Humana
Press: Totowa, NJ, USA, 2007. [CrossRef]

Karlova, R.; Boer, D.; Hayes, S.; Testerink, C. Root plasticity under abiotic stress. Plant Physiol. 2021, 187, 1057-1070. [CrossRef]
Petricka, J.J.; Winter, C.M.; Benfey, P.N. Control of Arabidopsis root development. Annu. Rev. Plant Biol. 2012, 63, 563-590.
[CrossRef]

Salazar-Henao, J.E.; Vélez-Bermudez, I1.C.; Schmidt, W. The regulation and plasticity of root hair patterning and morphogenesis.
Development 2016, 143, 1848-1858. [CrossRef]

Dehghanian, Z.; Habibi, K.; Dehghanian, M.; Aliyar, S.; Lajayer, B.A.; Astatkie, T.; Minkina, T.; Keswani, C. Reinforcing the
bulwark: Unravelling the efficient applications of plant phenolics and tannins against environmental stresses. Heliyon 2022,
8, €09094. [CrossRef]

Vaughan, D.; Ord, B. Influence of phenolic acids on morphological changes in roots of Pisum sativum. J. Sci. Food Agric. 1990,
52,289-299. [CrossRef]

Kawade, K.; Tabeta, H.; Ferjani, A.; Hirai, M.Y. The roles of functional amino acids in plant growth and development. Plant Cell
Physiol. 2023, pcad071. [CrossRef]

VanEtten, C.H.; Miller, R W.; Wolff, .A_; Jones, Q. Nutrients in seeds, amino acid composition of seeds from 200 angiospermous
plant species. J. Agric. Food Chem. 1963, 11, 399—410. [CrossRef]

Galili, G. New insights into the regulation and functional significance of lysine metabolism in plants. Annu. Rev. Plant Biol. 2002,
53, 27-43. [CrossRef]

Baqir, H.A.; Zeboon, N.H.; Al-Behadili, A.A.]. The role and importance of amino acids within plants: A review. Plant Arch. 2019,
19, 1402-1410.

Slocum, R.D. Genes, enzymes and regulation of arginine biosynthesis in plants. Plant Physiol. Biochem. 2005, 43, 729-745.
[CrossRef] [PubMed]

Siddappa, S.; Marathe, G.K. What we know about plant arginases? Plant Physiol. Biochem. 2020, 156, 600-610. [CrossRef]
[PubMed]

Frémont, N.; Riefler, M; Stolz, A.; Schmtilling, T. The Arabidopsis TUMOR PRONES gene encodes an acetylornithine amino-
transferase required for arginine biosynthesis and root meristem maintenance in blue light. Plant Physiol. 2013, 161, 1127-1140.
[CrossRef] [PubMed]

Xia, J.; Yamaji, N.; Ma, J.F. An appropriate concentration of arginine is required for normal root growth in rice. Plant Signal. Behav.
2014, 9, €28717. [CrossRef]

Wen, P,; Li, ]-M.; Qun, L.; Xing, Z. Effects of amino acid on growth and secondary metabolites contents of adventitious roots of
Tripterygium wilfordii. Zhongguo Zhong Yao Za Zhi = China J. Chin. Mater. Med. 2014, 12, 2267-2274.

Glian’ko, A.K.; Ishchenko, A.A. Level nitric oxide (NO) and growth of roots of etiolated pea seedlings. Izv. Akad. Nauk Ser. Biol.
2013, 6, 689-695. [CrossRef]

Reiter, C.D.; Tend, R.L.; Beckman, ]J.S. Superoxidereacts with nitric oxide to nitrate tyrosine at physiological pH peroxinitrite. J.
Biol. Chem. 2000, 275, 32460-32466. [CrossRef] [PubMed]

Winter, G.; Todd, C.D.; Trovato, M.; Forlani, G.; Funck, D. Physiological implications of arginine metabolism in plants. Front.
Plant Sci. 2015, 6, 534. [CrossRef] [PubMed]


https://doi.org/10.2135/cropsci2018.04.0285
https://doi.org/10.1111/j.1469-8137.2004.01263.x
https://doi.org/10.1111/j.1399-3054.1984.tb04575.x
https://doi.org/10.1111/j.1399-3054.1984.tb05925.x
https://doi.org/10.3389/ffgc.2020.574096
https://doi.org/10.1093/plphys/kiad556
https://www.ncbi.nlm.nih.gov/pubmed/37847103
https://doi.org/10.1073/pnas.1814006115
https://www.ncbi.nlm.nih.gov/pubmed/30291188
https://doi.org/10.1126/sciadv.abc9294
https://www.ncbi.nlm.nih.gov/pubmed/33246960
https://doi.org/10.1111/j.1469-8137.1994.tb02968.x
https://doi.org/10.1007/978-1-59745-425-4
https://doi.org/10.1093/plphys/kiab392
https://doi.org/10.1146/annurev-arplant-042811-105501
https://doi.org/10.1242/dev.132845
https://doi.org/10.1016/j.heliyon.2022.e09094
https://doi.org/10.1002/jsfa.2740520302
https://doi.org/10.1093/pcp/pcad071
https://doi.org/10.1021/jf60129a016
https://doi.org/10.1146/annurev.arplant.53.091401.110929
https://doi.org/10.1016/j.plaphy.2005.06.007
https://www.ncbi.nlm.nih.gov/pubmed/16122935
https://doi.org/10.1016/j.plaphy.2020.10.002
https://www.ncbi.nlm.nih.gov/pubmed/33069114
https://doi.org/10.1104/pp.112.210583
https://www.ncbi.nlm.nih.gov/pubmed/23321422
https://doi.org/10.4161/psb.28717
https://doi.org/10.1134/S106235901306006X
https://doi.org/10.1074/jbc.M910433199
https://www.ncbi.nlm.nih.gov/pubmed/10906340
https://doi.org/10.3389/fpls.2015.00534
https://www.ncbi.nlm.nih.gov/pubmed/26284079

Int. . Mol. Sci. 2023, 24, 16616 22 of 22

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Neill, S.J.; Desikan, R.; Hancock, ].T. Nitric oxide signaling in plants. New Phytol. 2003, 159, 11-35. [CrossRef]

Pagnussat, G.C.; Lanteri, M.L.; Lombardo, M.C.; Lamattina, L. Nitric oxide mediates the indole acetic acid induction activation
of a mitogen-activated protein kinase cascade involved in adventitious root development. Plant Physiol. 2004, 135, 279-286.
[CrossRef] [PubMed]

Correa-Aragunde, N.; Graziano, M.; Lamattina, L. Nitric oxide plays a central role in determining lateral root development in
tomato. Planta. 2004, 218, 900-905. [CrossRef] [PubMed]

Gouvéa, CM.C.P; Souza, ].F.; Magalhaes, A.C.N.; Martins, 1.5. NO- releasing substances that induce growth elongation in maize
root segments. Plant Growth Regul. 1997, 21, 183-187. [CrossRef]

Morris, S.M., Jr. Recent advances in arginine metabolism. Curr. Opin. Clin. Nutr. Metab. Care 2004, 7, 45-51. [CrossRef]

Morris, S.M., Jr. Enzymes of arginine metabolism. |. Nutr. 2004, 134, 27435-2747S; discussion 2765S. [CrossRef]

Satriano, J. Arginine pathways and the inflammatory response: Interregulation of nitric oxide and polyamines: Review article.
Amino Acids 2004, 26, 321-329. [CrossRef]

Gao, J.; Zhuang, S.; Zhang, Y.; Qian, Z. Exogenously applied spermidine alleviates hypoxia stress in Phyllostachys praecox seedlings
via changes in endogenous hormones and gene expression. BMC Plant Biol. 2022, 22, 200. [CrossRef]

Kalac, P; Krausova, P.A. A review of dietary polyamines: Formation, implications for growth and health and occurrence in foods.
Food Chem. 2005, 90, 219-230. [CrossRef]

Yang, H.Q.; Jie, Y.L.; Jia, W.S.; Zhang, D.P. The signaling cascades of water loss to abscisic acid accumulation in apple roots. Acta
Hortic. 2004, 636, 221-226.

Takahashi, T.; Kakehi, ].I. Polyamines: Ubiquitous polycations with unique roles in growth and stress responses. Ann. Bot. 2010,
105, 1-6. [CrossRef] [PubMed]

Tang, W.; Newton, R.J. Polyamines promote root elongation and growth by increasing root cell division in regenerated Virginia
pine (Pinus virginiana Mill.) plantlets. Plant Cell Rep. 2005, 24, 581-589. [CrossRef]

Zhang, X.; Huang, T.; Wang, Q.; Guo, Y.; Zhang, P; Xie, H.; Liu, J.; Li, L.; Zhang, C.; Qin, P. Mechanisms of Resistance to Spot
Blotch in Yunnan Iron Shell Wheat Based on Metabolome and Transcriptomics. Int. J. Mol. Sci. 2022, 23, 5184. [CrossRef]
Zhang, Y.; Ni, L.; Chen, S.; Qin, Y.; Ding, X.; Li, J.; Pan, Y.; Zhang, X. Pterostilbene production of tomato transformed with
resveratrol synthase and resveratrol O-methyltransferase genes. Plant Sci. 2022, 322, 111343. [CrossRef]

Yu, X,; Li, J; Yang, Y.; Zhu, J.; Yuan, H.; Jiang, Y. Comprehensive investigation on flavonoids metabolites of Longjing tea in
different cultivars, geographical origins, and storage time. Heliyon 2023, 9, e17305. [CrossRef]

Chen, W.; Gong, L.; Guo, Z.; Wang, W.; Zhang, H.; Liu, X.; Yu, S.; Xiong, L.; Luo, ]. A novel integrated method for large-scale
detection, identification, and quantification of widely targeted metabolites: Application in the study of rice metabolomics. Mol.
Plant. 2013, 6, 1769-1780. [CrossRef]

Fraga, C.G.; Clowers, B.H.; Moore, R.J.; Zink, E.M. Signature-discovery approach for sample matching of a nerve-agent precursor
using liquid chromatography-mass spectrometry, XCMS, and chemometrics. Anal. Chem. 2010, 82, 4165-4173. [CrossRef]

Wu, D.; Zhuang, F; Wang, ].; Gao, R.; Zhang, Q.; Wang, X.; Zhang, G.; Fang, M.; Zhang, Y.; Li, Y.; et al. Metabolomics and
Transcriptomics Revealed a Comprehensive Understanding of the Biochemical and Genetic Mechanisms Underlying the Color
Variations in Chrysanthemums. Metabolites 2023, 13, 742. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1046/j.1469-8137.2003.00804.x
https://doi.org/10.1104/pp.103.038554
https://www.ncbi.nlm.nih.gov/pubmed/15122018
https://doi.org/10.1007/s00425-003-1172-7
https://www.ncbi.nlm.nih.gov/pubmed/14716561
https://doi.org/10.1023/A:1005837012203
https://doi.org/10.1097/00075197-200401000-00009
https://doi.org/10.1093/jn/134.10.2743S
https://doi.org/10.1007/s00726-004-0078-4
https://doi.org/10.1186/s12870-022-03568-y
https://doi.org/10.1016/j.foodchem.2004.03.044
https://doi.org/10.1093/aob/mcp259
https://www.ncbi.nlm.nih.gov/pubmed/19828463
https://doi.org/10.1007/s00299-005-0021-5
https://doi.org/10.3390/ijms23095184
https://doi.org/10.1016/j.plantsci.2022.111343
https://doi.org/10.1016/j.heliyon.2023.e17305
https://doi.org/10.1093/mp/sst080
https://doi.org/10.1021/ac1003568
https://doi.org/10.3390/metabo13060742

	Introduction 
	Results 
	Effects of High-Flowing Environment on Plant Growth and Root Morphology with Growth Stage 
	Widely-Targeted Metabolite Detection 
	Key Differential Metabolites and Metabolic Pathways 

	Discussion 
	Materials and Methods 
	Cultivation 
	Measurement and Statistical Analysis 
	Fresh Weight and Root Morphology 
	Metabolite Extraction and Detection 
	Data and Statistical Analysis 


	Conclusions 
	References

