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Abstract: Root restriction is suitable for horticultural soilless cultivation characterized by high
efficiency and quality in the case of high density and low node order pinching. However, little
research is available on the mechanism of root restriction improving the flavor and nutritional quality
of tomatoes. We investigated the effects of Extreme Root Restriction (ERR, 750 mL/plant) on the
content of metabolites, activity of enzymes, and gene expression level involving sucrose metabolism
in different clusters of two tomato types. The fruit diameter and single fruit weight of common
tomato at CIII were reduced by 5.6% and 14% under ERR, as a result, the fruit uniformity throughout
the whole plant was improved. The ERR enhanced the accumulation of metabolites in tomato fruits,
such as soluble sugars, amino acids, vitamin C, lycopene, and polyphenol, which was caused by

‘concentration effect’ that occurred with a reduction of fruit size. The activities of enzymes (SS,

SPS, NI, Al) at CIII and CIV of cherry tomatoes increased by 3—4 folds under ERR. ERR enhanced
accumulation of sucrose, glucose, and fructose in tomato fruits not only by modulating activities of
metabolizing enzymes but also by inducing the expression of sucrose metabolism genes, including
sucrose synthase genes (551, S53-6) in common tomato, fructokinase genes (FKs), hexokinase genes
(HKs), and sucrose phosphate synthase genes (SPSs), in cherry tomato. The above results are expected
to provide a theoretical basis for root restriction cultivation techniques and practical guidance for
high-quality tomato production in industrialized cultivation.

Keywords: enzyme activity; fruit metabolites; gene expression level; low root volume; tomato

1. Introduction

Tomato (Solanum lycopersicum L.) is the second most important vegetable crop next
to potato globally, with approximately 182.3 million tons each year [1]. China is the
highest tomato-producing country in the world, accounting for about 30% of the global
output [1]. In China, tomato has become the largest vegetable cultivated in protected
horticulture, and the output has been able to meet people’s daily constant demand due
to the stable production scale [2]. Tomato is one of the highest-value fruit and vegetable
crops worldwide and makes a substantial nutritional contribution to the human diet [3]
as it is rich in vitamins, dietary fibers, minerals, amino acids, carotenoids, and phenolic
compounds [4]. The demand for fresh tomatoes of high flavor, nutritional and functional
quality is on the rise [5,6]. Vegetative characteristics are affected by various factors, such as
variety, climate, soil characteristics, cultivation processes, while cultivation technique is the
key factor to affect the quality of tomato quality in the case of a given variety [7]. The flavor
and nutrients in tomato fruit can be effectively regulated by reasonable environmental
control and appropriate agronomic techniques [5].
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Root restriction is a resource-saving, innovative, and stress-inducing technique in
agricultural production [8]. This technique has been widely used in fruit trees [6]. The
mechanism of root restriction inhibited growth has already been clarified in many fruit
trees, such as the reduction of nitrate and nitrite reductase activities, decreased total amount
of N in grape leaves and berry flesh [9], down-regulation of gene expression in nitrogen
metabolism in leaves of grapes [10], low sink demand from the roots of chili [11], low O,
availability within the root of tomatoes [12], etc. Moreover, the effects of root restriction on
fruit quality improvement were reported in grape [13], chili [11], and sweet cherry [14], but
little research has been done on vegetables, especially tomatoes.

Root restriction is suitable for high-density, high-efficiency, high-yield, and quality
cultivation for plants [6,8]. In Japan, tomatoes grown in extremely low-volume substrate
(ELVS, 250 mL/plant) displayed high total soluble solid content and flavor as well as high
fruit production quality (35 t/year) in the case of low-node-order pinching and high-density
planting, which could reach up to 3.5 crops per year and realize annual sustainable produc-
tion [15]. Root restriction is important for high-quality tomato production in industrialized
cultivation. We previously reported the management techniques of nutrient solution and
proposed a modified nutrient strategy for improving the quality of tomatoes grown in the
ELVS [16,17]. Moreover, we enhanced the quality of tomatoes by reducing the drainage
rate, increasing electricity conductivity, or adding NaCl under root restricted conditions
(0.75 L/plant, [18]). Previous studies were mainly focused on the effects of nutrient solution
management mode on fruit production and fruit quality [16-18]. The regulation mechanism
of sucrose metabolism as well as its metabolites by root restriction is still unknown.

In the present study, two types of common tomato and cherry tomato widely culti-
vated in south China are used, which are grown in cocopeat strip (control, 24 L/3 plants)
and cocopeat pot (Extreme Root Restriction, ERR, 0.75 L/plant) system. The content of
metabolites, including soluble sugars, organic acids, amino acids, V¢, lycopene, polyphenol,
and the activity of enzymes and sucrose metabolism-associated gene expression in different
clusters were investigated.

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

The experiment was conducted in an experimental greenhouse (28/18 °C in day/night
with relative humidity within 65-70%), at the College of Horticulture, South China Agri-
cultural University (23.15868 N, 113.34462 E) during the autumn-winter cropping season
(5 September 2019 to 23 January 2020). The air temperature and relative humidity were
monitored by a detector produced by IOT Ltd. (Model IOT-WD20, Guangzhou, China).
Tomato grafting seedlings were provided by Hua You seedlings factory (Guangdong,
China), specifically root stock was eggplant (Solanum torvumy), the scion tomatoes (Solanum
Lycopersicum) were common (Hong Tao K) and cherry (Qian Xi) types, both were widely
cultivated in Guangdong province.

The treatments included two different root zone cultivation containers, one was
a widely used cocopeat strip (control, every three plants were cultivated in one strip,
3 plants/24 L), the other was an extreme low-volume substrate, as discussed in our previous
research [18] (plastic pot filled with cocopeat (ERR, Extreme Root Restriction), one plant
cultivated in one pot (0.75 L/plant). Thus, the two types of root volume containers were
filled with just pure cocopeat.

All plants were supplied with the “Enshi formula” nutrient solution through drip
irrigation system, as described in our previous research [16], from transplanting to the
end of the experiment. The fertigation frequency was controlled by a timer, which was
between 4 (cloudy)~12 (sunny) times per day, and the fertigation amount was based on
the drainage rate of 20-30%, pump flow rate was 15 mL-min~!. Periodic operations of
binding, lateral bud, and basal leaf pruning were carried out in a timely manner. Plants
were pruned with a single stem and pinched at cluster IV in common tomato and cluster
VII in cherry tomato. Four replicates for each treatment were designed, each replicate
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containing 12 plants. Ten full ripening fruits in each replicate at the same cluster were
randomly selected, each sample including 4 biological replicates, the pericarp and flesh of
fruits were frozen in liquid nitrogen then stored at —80 °C until the analysis of metabolite
analysis, enzyme activities, and gene expression.

2.2. Measurement of Plant Growth and Fruit Production

Plant height, leaf area, and stem diameter below cluster I and III were dynamically
measured from 3 to 7 weeks after treatment. Plant height from basal part to apical point
was measured by a meter ruler. Length and width of leaf under cluster II were measured
by a ruler and calculated the leaf area by an equation (S = 0.6393 x length x width). Stem
diameter below cluster I and III, and fruit diameter in cluster II, III, and IV were measured
by a digital caliper. Fruit weight was recorded using an electronic balance during fruit
ripening stage. Fruit setting rate was the ratio of the number of fruits to the number
of flowers.

2.3. Analysis of Metabolites in Tomato Fruits

Sugar content was measured by the method of previous research [19] with some
modifications. Namely, 0.5 g frozen-dried samples were homogenized in 5 mL 90% ethanol,
then they were placed in water bath at 80 °C for 25 min. The mixture was centrifuged
at 7000 rpm for 5 min, the supernatant was transferred to a glass tube, and the above
extraction was repeated twice. The supernatant was then dried under pressure and pure
water was added. Samples (1 mL) of the resulting solution were filtered through a 0.45 pum
MilliporeTM filter then analyzed by angilent 1200 HPLC system (Agilent technologies,
Waldbronn, Germany). Chromatographic column: Coregel 87 C (Transgenomic CHO-99-
58600) column was used with pure water as the mobile phase at a flow rate of 0.6 mL/min,
and the column temperature was 80 °C.

Organic acids were measured by the procedure of previous research [19] with some
modifications. Namely, 0.5 g frozen-dried samples in 5 mL 0.01 mM KH,POy (pH = 2.55)
and the mixture was ice bath ultrasound for 40 min and then centrifuged at 20,000 rpm
for 20 min at 4 °C. The extract was filtered through a 0.22 um MilliporeTM filter, and the
filtrate was then analyzed by high-performance liquid chromatography (HPLC, Shimadzu,
Japan). Detection of organic acids was performed at 210 nm using a photodiode array
detector. Test conditions: C18 column (InertSustain ® 250 mm x 4.6 mm), the mobile phase
was 0.01 mol/L potassium dihydrogen phosphate (pH = 2.55, adjusted with phosphoric
acid): Methanol = 97:3, the column temperature was 30 °C, the detection wavelength was
210 nm, and the flow rate was 0.5 mL/min.

The total soluble solid content (TSSC) of fruit juice in each cluster squeezed by hand
with a cheesecloth was investigated by a hand refractometer (Model FR-100; Atago Co., Ltd.,
Tokyo, Japan) as described in our previous research [16]. The vitamin C and polyphenol
content were measured according to the procedure described in our previous research [20].
Lycopene content was measured according to our previous research [18]. 0.5 g frozen-
dried samples were extracted with 30 mL mixed solution (hexane: acetone: absolute
ethanol = 1:1:1 (v/v/v)), shaken for 30 min, and then 10 mL ultra-pure water was added.
After centrifugation at 2000 rpm for 10 min, the absorbance value was measured by UV
spectrophotometer at 502 nm.

Amino acid composition and content were analyzed and referred to the JY-T0194-
1996 General Rules. Namely, 0.1 g frozen-dried samples were homogenized in 2 mL
6% sulfosalicylic acid for 1 min. After 20 min of ultrasound with ultrasonic cleaning,
the mixtures were centrifuged at 12,000 rpm at 4 °C for 10 min. The supernatant was
filtered through a 0.22 um MilliporeTM filter, then 0.2 mL filtrate was added to 0.8 mL
ultrapure water analyzed by L-8900 Amino Acid Analyzer. Test conditions: Hitachi type
855-4507 column, the column reaction temperature was 135 °C, the pH buffer of citric acid
(lithium) was eluted in gradient, and the detection wavelength was 570 + 440 nm. The
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pump flow rate was 0.35 mL/min, and the derivative pump flow rate was 0.30 mL/min,
and the analysis time was 148 min.

2.4. Analysis of Enzyme Activity

Frozen-dried fruit samples were ground into powder for enzyme activity analysis.
The activity of four enzymes was determined with a sucrose phosphate synthase kit (SPS),
a soluble acid convertase kit (5-Al), a neutral translate kit (NI), and a sucrose synthetase kit
(SS-I) by microassay determination method. All the kits were produced by Suzhou Keming
Biotechnology Co., Ltd., Suzhou, China.

2.5. Quantitative Real-Time PCR Analysis

Expression of genes involved in the sucrose metabolism in tomato fruits was evalu-
ated by performing quantitative real-time PCR (qRT-PCR), as described in our previous
research [21,22]. Total RNA was isolated from the samples by using RNAprep Pure Plant
Kit (Tiangen Biotech Co., Ltd., Beijing, China). The cDNA was synthesized from 1 ug of
total RNA by using the PrimeScriptTM RT reagent Kit with gDNA Eraser (Perfect Real
Time) (TaKaRa Bio, Inc., Shiga, Japan). The qRT-PCR was conducted using the Light
Cycler 480 Real-Time PCR system (Roche, Basel, Switzerland) with one-step SYBR Pre-
mix Ex Taq TM (Takara, Dalian, China). The relative expression was normalized with
the results of the mean values of SI-UBI using the 2744t method with IQ5 software
(BIO-RAD, Hercules, CA, USA). Genes were designed on the NCBI primer blast website
(https:/ /www.ncbi.nlm.nih.gov/tools/primer-blast/ accessed on 26 September 2021). The
primer quality and efficiency were checked by qPCR on a series of diluting cDNA. The
primer sequences are listed in the Supplementary Materials, Table S1.

2.6. Statistical Analysis

All values are shown as the mean =+ standard error. Significant differences among
the clusters were determined by analysis of variance (ANOVA), followed by Duncan’s
multiple range tests of SPSS 22.0 at p < 0.05. Statistical differences between ERR and control
treatment were evaluated with t-test at * p < 0.05; and ** p < 0.01 levels. Heat maps were
generated using TBtools (http:/ /cj-chen.github.io/TBtools/, accessed on 23 February 2023).

3. Results
3.1. Plant Growth and Fruit Production

Although two tomato types were planted at five fully expanded leaves simultaneously,
common tomato displayed higher plant height (Figures 1A and 51), leaf area (Figure 1B),
and stem diameter below CI (Figure 1C) than in cherry tomato after three weeks of trans-
planting. In this study, the cocopeat strip was used as the control. Plant growth during
three to seven weeks after treatment in two types was markedly inhibited by ERR treatment,
which was more severe in cherry tomato than in common tomato (Figure 1). Firstly, the
plant height in ERR-cultivated common tomato was significantly lower than that in the
control from the three to five weeks after treatment, while the cherry tomato was from
three to seven weeks after treatment (Figure 1A). Secondly, ERR-cultivated common tomato
showed significantly decreased leaf area from five to seven weeks after treatment, but
cherry tomato was from three to seven weeks (Figure 1B). Thirdly, we measured stem di-
ameter below CI and CIII, the inhibition effects of ERR on stem diameter were more severe
on cherry tomato than on common tomato as compared with the control (Figure 1C,D).
Meanwhile, the magnitude of reduction was larger in CIII than in CI (Figure 1C,D).

The fruit diameter, single fruit weight, and rate of fruit set were investigated at
the different clusters (Figure 1E-I). The ERR-cultivated two types exhibited significantly
decreased fruit diameter and single fruit weight, common tomato was observed at CIII,
cherry tomato was at CII (Figure 1E,F). As compared with the control, fruit diameter and
single fruit weight of common tomato at CIII were reduced by 5.6% and 14% under ERR
treatment (Figure 1E,F), therefore, there were no significant differences in fruit diameter
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and single fruit weight among three clusters under ERR, which increased with cluster
under the control (Figure 1E,F). Fruit size was more uniform among clusters of common
tomato grown under ERR than the control.
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Figure 1. Plant growth parameters and fruit production of common tomato and cherry tomato
grown in coco coir strip (control) and coco coir pot (Extreme Root Restriction, ERR). (A) Plant height.
(B) Leaf area. (C) Stem diameter below cluster I (CI). (D) Stem diameter below cluster III (CIII).
(E) Fruit diameter. (F) Single fruit weight. (G) Fruit set rate in different clusters. (H) Fruit weight.
(I) Fruit weight per unit area. CII, cluster II; CIII, cluster III; CIV, cluster IV. The data represent the
mean =+ SE (n = 4). Different lowercase letters indicate significant differences among three clusters
(p < 0.05). The t-test was applied to analyze the difference between the ERR and control at * p < 0.05

and ** p < 0.01 levels.

The fruit set rate was not influenced by ERR, the highest level was concentrated in the
central cluster (Figure 1G). To compare with the control, fruit weight per plant was reduced
by 28% and 33%, respectively, in common and cherry tomatoes under ERR (Figure 1H).
Because the planting density was five plants/m? in ERR and three plants/m? in control,

the yield per square meter was increased by ERR (Figure 1I).
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3.2. Nutritional and Flavor Quality of Tomatoes

The two tomato types varied in terms of soluble sugars, cherry tomato produced
more soluble sugars (sucrose, glucose, and fructose) than common tomato (Figure 2A-C).
Fructose and glucose are the main accumulated sugars in two types. The effects of ERR
on the accumulation of soluble sugars and organic acids were different between types
and among clusters (Figure 2). In the case of common tomato, the content of sucrose and
glucose increased significantly with clusters under ERR, whereas this phenomenon was
not observed under the control (Figure 2A,B). The ERR created a significant increase of
sucrose, mainly in CIII and CIV (Figure 2A), glucose was in all clusters (Figure 2B), and
fructose was in CII and CIV (Figure 2C). The sucrose content was three-fold higher in ERR
than in the control (Figure 2A). To compare with the control, the content of fructose and
glucose increased by 24% and 20% under ERR in CIV, respectively (Figure 2B,C). In the case
of cherry tomato, the highest content of soluble sugars in cherry tomato was observed in
CIII. To compare with the control, the ERR-cultivated cherry tomato showed a significantly
higher content of sucrose in CII and CIV, glucose in CIII and CIV, and fructose in three
clusters (Figure 2A-C). The sucrose content was two-fold higher in ERR than in the control
in CIV (Figure 2A). To compare with the control, content of fructose and glucose increased
by 23% and 23% under ERR in ClII, respectively (Figure 2B,C).

Citric acid is the main accumulated organic acid in both types. The content of citric
acid in CIII and CIV of common tomato was significantly increased by the ERR treatment,
which was the opposite in cherry tomato (Figure 2F). CII showed significantly higher citric
acid and malic acid in ERR treatment than the control in cherry tomato (Figure 2D,F).
Except for CII in common tomato, other clusters exhibited a significantly lower content of
succinic acid in ERR treatment than the control (Figure 2E).

The cherry tomato contained higher total soluble solids (TSS), vitamin C, and polyphe-
nol than common tomato (Figure 2G). For common tomato, the content of TSS in CIII
and CIV was significantly higher under ERR treatment as compared with the control,
resulting in the content of TSS increasing with clusters, which was not observed in the
control (Figure 2G). Furthermore, compared with the control, vitamin C and polyphenol
in common tomato grown under ERR were significantly higher in CIV (Figure 2H,]). In
the case of cherry tomato, compared with the control, the contents of TSS (Figure 2G) and
lycopene (Figure 2I) were significantly higher in CII and CIII, the vitamin C (Figure 2H)
and polyphenol (Figure 2J) were significantly higher in CII and CIV. In general, the content
of total TSS, vitamin C, lycopene and polyphenol was increased by the ERR treatment,
mainly reflected in the upper cluster of common tomato.

A total of 17 amino acids were detected in this study. To evaluate the contribution
of amino acids to tomato fruit flavor and nutritional value, we classified them into four
groups, including officinal, tasty, sweet, and aromatic, respectively (Figure 3). In the case of
common tomato, both CIII and CIV contained significantly higher or extremely significantly
higher levels of amino acids under the ERR treatment than the control. The level of sweet
amino acids (Ser and Pro) was significantly higher under the ERR than the control in CIII
and CIV. The level of tasty amino acids (Asp and Glu) was significantly higher under the
ERR than the control from CII to CIV. In the case of cherry tomato, the promotion effects
of ERR on amino acid accumulation were mainly in CII, for example, most of the amino
acid content was higher under the ERR than the control in CII, while only the Glu and Pro
were higher under the ERR than the control in CIII, no different amino acids were observed
in CIV. CII of cherry tomato showed extremely higher sweet amino acids (Ser, Pro, and
Ala), tasty amino acids (Asp and Glu), and officinal amino acid (GABA) under the ERR
treatment than the control.
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Figure 2. Content of metabolites in fruits of common and cherry tomato grown in coco coir strip
(control) and coco coir pot (Extreme Root Restriction, ERR). (A) Sucrose. (B) Glucose. (C) Fructose.
(D) Malic acid. (E) Succinic acid. (F) Citric acid. (G) Total soluble solid content. (H) Vitamin C.
(I) Lycopene. (J) Polyphenol. The data represent the mean + SE (n = 4). The t-test was applied to
analyze the difference between the ERR and control at * p < 0.05 and ** p < 0.01 levels. Different
lowercase letters indicate significant differences among three clusters (p < 0.05).
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Figure 3. Amino acid composition and content in fruits of common tomato and cherry tomato grown
in cocopeat strip (control) and cocopeat pot (Extreme Root Restriction ERR). I, Essential amino acids.
II, Officinal amino acids. III, Tasty amino acids. IV, Sweet amino acids. V, Aromatic amino acids.
The plus/minus +/—, ++/—— and +++/——— indicate a significantly higher/lower in ERR than in
control at p < 0.05, p < 0.01, and p < 0.001.

3.3. Activity of Sucrose Metabolism Associated Enzymes

The changes in soluble sugars in fruits could be attributed to the differences in enzyme
activity. As shown in Figure 4, the influence of ERR on the activity of enzymes involved in
soluble sugar metabolism was different between types and among clusters. The enhance-
ment effect of ERR on enzyme activity in cherry tomato (3—4 folds) was stronger than that
in common tomato. As compared with the control, activity of SS and NI (Figure 4A,D)
in ERR-treated cherry tomato was extremely significantly higher from CII to CIV, while
activity of SPS and AI (Figure 4B,C) was significantly increased in CIII and CIV. Therefore,
activity of enzymes involved in sucrose metabolism was enhanced by ERR, mainly in CIII
and CIV (Figure 4). However, in the case of common tomato, the activity of SS, Al, and NI
was reduced by ERR in CII and CIV, which was enhanced in CIII (Figure 4A-D).

3.4. Genes Expression Level

To determine whether the sucrose metabolism responds to ERR differentially between
types and among clusters, we examined the expression level of sucrose metabolism genes
in both types and three clusters by using RT-PCR-based expression analysis. A total of
27 genes encoding invertase (LIN5, LIN6, LIN7, VI, NI1, NI3, NI4, NI5), invertase inhibitor
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(VIF and CIF2), sucrose synthase (551, SS3, 5S4, SS5 and S56), sucrose phosphate synthase
(SPSA1 and SPSB), hexokinase (HK1, HK2, HK3, HK4, HK®6), and fructokinase (FK1, FK2,
FK3, FKL1 and FKL2) were identified (Figure 5A,B). The responses of sucrose metabolism
genes to ERR were different between types. The differentially expressed genes between
CII and CIV were consistent, in which the expression of S51, S§3, 554, S55, and 556 was
up-regulated by the ERR in common tomato, whereas in cherry tomato, the expression
of SPSB, HK1, HK4, HKé6, FK1, and FKL2 was up-regulated by the ERR (Figure 5B). In
consideration of the inhibited genes, the expression of Linb, Lin6, HK3, and VI was down-
regulated by the ERR in common tomato, but only CIF2 was down-regulated by the ERR
in cherry tomato. In general, ERR induced expression of genes involved in the sucrose
degradation and synthesis by sucrose synthase in common tomatoes. However, in cherry
tomato, the expression of genes involved in the phosphorylation of fructose and glucose,
as well as sucrose phosphate synthase, was enhanced by ERR.
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Figure 4. Enzyme activity of sucrose metabolism in fruits of common tomato and cherry tomato
grown in coco coir strip (control) and coco coir pot (Extreme Root Restriction, ERR). (A) Sucrose
synthase (SS). (B) Sucrose phosphate synthase (SPS). (C) Acid invertase (Al). (D) Neutral invertase
(NI). Error bars represent standard deviations of the means of three independent replicates. The data
represent the mean + SE (n = 4). Different lowercase letters indicate significant differences among
three clusters (p < 0.05). The t-test was applied to analyze the difference between the ERR and control
at*p <0.05and ** p < 0.01 levels.

PCA was used to visualize the effects of ERR on the plant growth, fruit production, and
quality of two tomato types. Overall, PC1 and PC2 explained 67.7% and 16.6% of the total
variance (Figure 6) in both tomato types. The cherry and common were divided into two
clear groups in the PCA scatter plot. Cherry tomato in the upper quadrants (ERR treatment)
was characterized by higher fruit metabolites and activities of sucrose metabolism enzymes.
Common tomato in the ERR treatment was characterized by inhibited plant growth.
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genes in various clusters.
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Figure 6. Principle component analyses showing the differences in the investigated parameters in
common tomato and cherry tomato grown in cocopeat strip (Con.) and cocopeat pot (Extreme Root
Restriction, ERR).

4. Discussion
4.1. ERR Suppressed Plant Growth and Fruit Size, but Improved Fruit Uniformity

Root restriction was considered to be an effective means to regulate the balance
between vegetative growth and reproductive development [8]. Root restriction deceler-
ated vegetative growth but enhanced the reproductive growth in different fruits, such as
grapes [23], sweet cherry [14], chili [11], and tomato [6]. In this study, although the nutrient
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solution was fertigated to the tomato plants at a ‘low concentration and high frequency’
principle to accommodate the low preservation ability of water and nutrition under ERR,
the growth parameters of both types, including plant height, leaf area, stem diameter were
reduced by ERR at different extents (Figure 1A-D). The suppressed growth under ERR
coincided with the above-mentioned previous research.

In response to the ERR, both the period and extant of growth restriction last longer and
are more severe in cherry tomato than in common tomato (Figure 1A,B,D). Correspondingly,
both single fruit weight and size were significantly reduced in the upper clusters by ERR,
there were no significant differences in fruit size among clusters and single fruit weight of
common tomato (Figure 1E,F), which means the fruit size was more uniform in common
tomato grown in ERR. This phenomenon was not observed in cherry tomato. Because
common tomato displayed higher fruit load than cherry tomato, the inhibition effect of
ERR on fruit enlargement mainly reflected during the full fruit load period as the crop
cycle processed, especially in the higher fruit load cultivar. The fruit set was not affected by
the ERR treatment (Figure 1H). The fruit weight per plant was reduced by 28% and 33%,
respectively, in common and cherry tomatoes under ERR (Figure 1H). However, the yield
per unit area was increased (Figure 1I) due to the higher planting density in ERR than in the
control, the planting density was about three plants/m? under control and five plants/m?
under ERR. Previous research indicated that the number of tomato fruits was decreased
by root restriction [24]. Contrarily, the yield of tomato increased with the extent of root
restriction when the yield was recorded by per unit area [6]. Tomatoes displayed high TSSC
and flavor as well as high fruit production (35 t/year/10a) in the case of high density [15].
These results suggested that although ERR suppressed plant growth and reduced fruit size,
it improved uniformity of fruit size among different clusters as well as fruit production in
the case of high-density planting.

4.2. ERR Improved Nutritional and Flavor Quality of Tomatoes

Root restriction is considered an abiotic stress cultivation technique, such as a lim-
ited supply of water [25], nutrients [11], salinity [26] for roots, etc. Plants respond to
environmental stress by accumulating sugars, which are precursors of metabolites [27].
In the present study, the effects of ERR on tomato fruit quality were evaluated by the
accumulation of soluble sugars, organic acids, vitamin C, lycopene, polyphenol, and amino
acid (Figures 2 and 3). In general, the contents of soluble sugars were increased by ERR in
which sucrose and glucose increased significantly with cluster under ERR in the case of
common tomato, whereas this phenomenon was not observed in the control (Figure 2A,B).
Regarding sugars, the levels of organic acids, total soluble solids, vitamin C, polyphenol
(Figure 2), and amino acids (Figure 3) were also increased under the ERR, mainly in the
upper cluster of common tomato and lower cluster of cherry tomato. The changes in
metabolite content are consistent with the decreased fruit size in the upper clusters of
common tomato and lower clusters in cherry tomato (Figure 1E,F).

Previous research indicated that the enhancement of metabolites in tomato fruits
exposed to salt stress is explained as a ‘concentration effect’ that occurs with a decrease in
fruit water and size [28]. A moderate water deficit increases the ratio of sugars to acids in
tomato fruit [4]. Root restriction combined with salinity stress increased the total soluble
solid content in tomatoes [28]. In the present study, a higher level of metabolites was
mainly attributed to the ‘concentration effect’, together with reduced fruit size caused by
water or salinity stress. Moreover, ERR regulates the metabolic module from the glycolytic
pathway to the tricarboxylic acid cycle and then to the biosynthesis of amino acid, vitamin
C, lycopene, and polyphenol. The higher level of metabolites improved the quality of
tomatoes. Abiotic stresses can negatively affect crop yield, but they can enhance fruit
quality attributes by using grafting plants [29], such as tomato fruit quality and dry matter
content, which are positively affected by the rootstock [30]. Some rootstocks are able
to increase agronomic water use efficiency (WUE) by reducing leaf growth and water
use but maintaining fruit yield [31]. Two root-derived hormones are positive (ABA) or
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negative (ACC) factors controlling the productivity parameters of tomatoes [32]. ACC
was considered to be an important root-derived hormonal signal that negatively affects
leaf growth but does not limit fruit yield, thereby increasing water use efficiency [31]. In
conclusion, there was probably hormone signaling transduction under the ERR in the
present research. It is necessary to further clarify the regulatory modules of root hormone
signal transduction.

4.3. ERR Enhanced Enzyme Activity Involved Sucrose Metabolism in Tomato Fruits

Fruits are the main sink of assimilates during the reproductive stage, depending
on the size and activity of sink [33]. The regulation of assimilate metabolism in tomato
fruit mainly depends on the activities of SS, SPS, Al, and NI [34]. In the present study,
the sink strength has been firstly reduced by ERR in both types due to decreased fruit
size (Figure 1E,F). However, the activity of enzymes (SS, SPS, Al, NI) involved in sucrose
metabolism was generally enhanced by ERR in all clusters in the case of cherry tomato, but
common tomato just showed in CIII (Figure 4). It suggests that the effects of ERR on enzyme
activity depended on the type of fruits. In this study, to compare with common tomato,
cherry tomato exhibited relatively low level of plant growth, fruit production (Figure 1),
and enzyme activity of sucrose metabolism (Figure 4), but produced higher sugar level,
meanwhile ERR has a stronger effect of reduction on its growth and fruit production, but
enhancement of enzyme activity as well as sugar accumulation (Figure 2). Cherry tomato
itself exhibited higher productivity and quality than common tomato [35]. Thus, the typical
characteristics of cherry tomato determine the different response to ERR. PCA analyses
indicated cherry tomato was different from common tomato in response to ERR (Figure 6).
Cherry tomato in the upper quadrants (ERR treatment) was characterized by higher fruit
metabolites and activities of sucrose metabolism enzymes. Common tomato in the ERR
treatment was characterized by inhibited plant growth (Figure 6).

Water stress can enhance the activities of Al and SS in tomato fruit, which leads to
higher levels of soluble sugars [36]. The Al is known as a key enzyme in root restriction
induction, resulting in the higher sugar content in grape fruits under root restriction [23].
Similarly in our study, the Al activity kept the highest level, followed by SPS and SS, the
last was NI in both types. The effect of ERR on enzyme activity was different between types
and clusters. In the case of common tomato, activities of SS, Al and NI were significantly
enhanced by ERR in CIII (Figure 4), which was consistent with higher levels of sucrose
and glucose (Figure 2) and decreased fruit size and single fruit weight in CIII (Figure 1).
However, this relationship was not observed in the other clusters. This suggests that
increased sugar content in CIII was not only related to fruit size but also to enzyme
activity in CIIL In the case of cherry tomato, activities of SS, SPS, Al, and NI were all
extremely significantly increased by ERR in the clusters of CIII and CIV (Figure 4), in
which SPS level was about three to four-fold higher than that in the control (Figure 4B).
This is consistent with increased content of sucrose (Figure 2A). The SPS is known as the
key enzyme for sucrose synthesis, higher SPS activity resulting in the accumulation of
sucrose in tomatoes [34]. In addition, SPS activity was positively correlated with sucrose
accumulation in the late period of tomato fruit development [37]. The above results suggest
that ERR can enhance the sucrose-metabolizing enzyme activities, which leads to a higher
content of soluble sugars in the upper clusters.

4.4. ERR Induced the Expression of Sucrose Metabolism Genes in Tomato Fruits

Root restriction has induced genes involved in nitrogen metabolism [10], anthocyanin
biosynthesis [38], phytohormone biosynthesis, and the signal transduction of grapes [26].
The only observation worthy of mention related to sugar metabolism is that the sugar trans-
porter gene VoSWEET15 in grape was significantly up-regulated under root restriction [39].

The VI, VIF, SS, HK, FK, and SPS gene families is known to regulate the degradation
and re-synthesis of sucrose in tomatoes [40]. In the present study, a total of 27 genes
encoding invertase, invertase inhibitor, sucrose synthase, sucrose phosphate synthase,
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hexokinase, and fructokinase were identified (Figure 5A,B). The differentially expressed
genes between CII and CIV were consistent, in which the expression of 551, 553, 554, SS5,
and S56 was up-regulated by the ERR in common tomato (Figure 5B), which is consistent
with the increased content of fructose and glucose (Figure 2B,C). Overexpression of SS3 in
tobacco resulted in fructose accumulation and sucrose hydrolysis [41]. Thus, the induced
5Ss genes by ERR may be one of the reasons for the increased content of fructose and glucose
in the common type. It is necessary to clarify regulation mechanisms in further research.

For the cherry tomato, the expression of SPSB, HK1, HK4, HK6, FK1, and FKL2 was up-
regulated by the ERR (Figure 5B). The expression of SPS gene was up-regulated at tomato
fruit ripening, which promoted sucrose synthesis and increased the sweetness of fruit [42].
Research indicates that water stress on rice [43] enhances SPS activity or upregulates SPSs
gene expression. However, the effects of water stress on SPS gene expression are weak
in tomatoes [36]. In the present study on cherry tomato, the expression of SPSB was up-
regulated by the ERR (Figure 5B), which coincided with significantly increased SPS enzyme
activity (Figure 4B) and sucrose sugar content in CIV (Figure 2A). FK and HK play important
roles in hexose phosphorylation, sensing, and signaling transduction [44]. In the present
study, the expression of HK1, HK4, HK6, FK1, and FKL2 was also up-regulated by the ERR,
suggesting that phosphorylation of fructose and glucose was enhanced by ERR in cherry
tomato [45]. The above results suggest that ERR treatment enhanced the accumulation of
sugars by regulating the expression of sucrose metabolism gene, specifically S51, SS3, 554,
555, and 556 in common tomato and FK, HK and SPS in cherry tomato, which led to the
improvement of quality in tomato.

5. Conclusions

The flavor and nutritional quality of both tomato types were enhanced by Extreme
Root Restriction caused by the reduction of fruit size. Meanwhile, Extreme Root Restriction
enhanced enzyme activity and genes expression involved in sucrose metabolism. Together,
these results indicate a typical characteristic of tomatoes grown in Extreme Root Restriction
(Figure 7).

Extremely Root restriction
ERR vs Control Glycolytic

Total soluble solids

Sucrose, glucose, fructose

Gene expression
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SPS, 88, AL NI SS1, 8§53, 854, §53, S56
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&
high planting density

Concentration effect

6 Amino acid, Vitamin C,
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size

Figure 7. ERR regulation of plant growth, fruit production, sucrose metabolism, and accumulation of
nutritional and flavor compounds in tomatoes.
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Restriction, ERR). Flowering stage of common tomato grown in control (A) and ERR (B). Flowering
stage of cherry tomato grown in control (C) and ERR (D). Fruit ripening stage of common tomato
grown in control (E) and ERR (F). Fruit ripening stage of cherry tomato grown in control (G) and
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(control) and coco coir pot (Extreme Root Restriction, ERR). Table S1: Gene-specific primers used for
quantitative real-time PCR analysis.
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