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Abstract: As global warming increases day/night temperatures as well as frequencies of heat waves,
studying physiological responses in long-term heat stress is required for sustainable yield production
in the future. In this study, effects of long-term heat stress on photosynthetic, morphological, and
yield parameters of three cherry tomato accessions, HR17, HR22, and HR24, were evaluated. The
experiment was conducted under two temperature greenhouse conditions, where temperature
set-point for ventilation was 30 ◦C and 35 ◦C during the day for 57 days, respectively. Plants
were harvested on the 35th days and 57th days after heat treatments, and their physiological and
morphological characteristics and yield traits were measured. Under control conditions, HR17 and
HR22 had 0.5–0.6 harvest index, while HR24 had 0.3 harvest index. On 35th days after heat treatment,
although yield loss percentage of HR17 was high (43%), it produced the highest fruit yield among
all three accessions. However, after longer heat treatment, HR24 produced the highest fruit yields
among all accessions with the smallest yield loss (34%). Furthermore, yield loss was highly associated
with reductions in nitrogen use efficiency and water content in plant body under heat stress. The
results of this study will provide breeders with a new insight into selecting heat-tolerant genotypes
in cherry tomatoes.

Keywords: harvest index; heat-tolerant genotype; greenhouse; nitrogen use efficiency; photosynthesis

1. Introduction

Heat stress is caused by a combination of several environmental factors including
temperature, relative humidity, air movement, solar radiation, and precipitation, with
negative impacts on both plant growth and its productivity. In South Korea, the average
air temperature has continuously increased since the early 21st century [1]. According to
the report by Greenpeace [1], the number of extreme hot days has doubled over the past
ten years. This heat warning has increasingly attracted the attention of many scientists
and farmers, and several reports regarding heat stress in greenhouse vegetables were
published [2,3]. Cherry tomato (Solanum lycopersicum) is an important vegetable, which is
mostly grown in a greenhouse, with 30–40 million tons of average annual total production
in South Korea [4]. The optimal day temperature for the growth of cherry tomato is in the
range of 22 to 26 ◦C [5], and night optimal temperature is in the range of 15 to 20 ◦C [6].
Temperatures higher than the plants’ optimal temperatures can cause heat stress, which
negatively affects their growth, quality of fruits, and productivity.

Many previous studies have found that heat stress is highly related to reduction in
the tomato fruit quantity or quality considerably caused by starch depletion [7], decrease
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in chlorophyll-carotenoid [8,9], abortion of the male gametophyte [10], decreases in root
growth [11], etc. While immediate response or short-term heat stress response (<7 days) are
relatively well studied [12–14], the physiological and photosynthetic processes underlying
long-term (>45 days) heat stress in cherry tomato plants are still not well understood.
Saidi et al. [15] reported that both short and long terms of heat exposures critically affected
membrane transport and increased the damage to membrane fluidity and permeability
of cells. In addition, long-term high temperature can have a greater negative impact
on nutrient uptake. For example, the prolonged exposure to extreme heat can cause
lower oxygen availability which leads to root browning [16,17]. As healthy portions of
root turn brown, the plant may not absorb the nutrients as much as it needs, resulting
in yield reduction. To have a better understanding on the effects of longer heat stress
exposures, more experimentation evaluating physiological responses to long-term heat
stress exposures is needed.

Heat stress responses, including physiological processes, growth and development,
and yields, vary with cultivars [18] as well as species because they have different strategies
to adapt the heat stress conditions [19]. Under stress conditions, plants either grow slowly to
adapt stress conditions, or sacrifice their growth to respond to heat stress. The growth speed
under stress is achieved through stress-triggered cell signaling [19]. The stress tolerance,
also known as a relative ability to grow under stress condition, is usually determined by
evaluating decreases in growth rate, fruit production, or biomass accumulation [19]. Some
plants can increase the growth of certain plant organs, such as roots [20] or stems [21], as
a response to stress exposures, which can result in higher biomass accumulation under
stress. This higher biomass accumulation may reflect better stress tolerance. Although
some plants can recover after short-term heat stress exposure (<1 day) [22], most plants
have more sensitive stress-response programs under long-term heat stress. A comparison
of various stress responses between different genotypes will help breeders to have a better
understanding of different adaptation strategies or defense mechanisms, which will provide
useful information for selection in breeding programs.

The main aim of this study is to investigate the heat stress responses of three different
cherry tomato accessions that have different growth patterns and stress tolerance and are
grown in a controlled greenhouse condition. Under heat stress, plants develop certain
efficient strategies to avoid or tolerate the heat stress which allows them to adapt to and
defend themselves from heat stress [23]. The adaptation strategies or stress resistances
of three accessions were evaluated through the investigation of changes in physiological
characteristics, yields, and nutrient uptake under long-term heat stress conditions.

2. Materials and Methods
2.1. Plant Material and Experimental Design

Three cherry tomato (Solanum lycopersicum) accessions, including HR17 (moderate heat-
tolerant), HR22 (heat-sensitive), and HR24 (heat-tolerant commercial cultivar, ‘Joeungyeo’,
Farm Hannong, Seoul, Republic of Korea), were compared. Both HR17 and HR22 have
round shaped fruits, while HR24 has oval shaped fruits (Figure 1). The fruit weights for all
cultivars ranged between 15 and 25 g.

Seeds of HR17 and HR22 were sown on 16 March 2022 in plastic trays (54 × 28 cm in
size, 5 × 10 cm cells with pot volume 3.7 L) containing commercial bed soil (‘Bio Sangto’;
Seoul, Republic of Korea), containing cocopeat (67.5%), peat moss (17.0%), zeolite (5.0%),
perlite (10.0%), pH adjuster (0.3%), humectant (0.014%), and fertilizers (0.185%) containing
270 mg kg−1 of each of N, P, and K, respectively. The seedlings were grown to seven to
nine fully expanded mature leaf stage (25–30 cm height) in a glasshouse (26 ◦C/18 ◦C
in day/night (16/8 h) with relative humidity within 65–70%) at the National Institute of
Horticultural and Herbal Science (Wanju, Republic of Korea, 35◦83′ N, 127◦03′ E). Tomato
seedlings were transferred into greenhouses on 3 May 2022 (48 days after sowing). Black
plastic mulch film was applied to the test beds. Plants were regularly watered with a
drip irrigation system and fertigated weekly with nutrient solution A (N 5.5%, K 4.5%,
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Ca 4.5%, B 0.00014%, Fe 0.05%, Zn 0.0001%, and Mo 0.0002%) and B (N 6%, P 2%, K
4%, Mg 1%, B 0.05%, Mn 0.01%, Zn 0.005%, and Cu 0.0015%) (Mulpure, Daeyu, Seoul,
Republic of Korea). Before heat treatment, the seedling plants were grown for two weeks
in greenhouse conditions with a temperature set-point for ventilation of 30 ◦C during the
day for adaptation in new environmental conditions. After two weeks, the temperature
set-point of a greenhouse was reprogrammed to 35 ◦C during the day, while the other
greenhouse for control was kept unchanged. The average air temperatures in a control
greenhouse were relatively stable at 25–35 ◦C, and average air temperature for heat stress
was 2–5 ◦C higher than that in the control greenhouse (Figure 2). The total number of
days of heat treatments were shown in Figure 2. The number of days when the maximum
temperatures were over 40 ◦C were 28 days and 10 days in a heat-treated and control
greenhouse, respectively (Figure 2). The relative humidity was kept between 50 and 85% in
both greenhouses.
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Figure 2. Average temperatures changes in heat-treated greenhouse and control greenhouse (Wanju,
Republic of Korea). In table, the number of total treatment days, and the number of days when the
daily maximum temperatures were over 40 ◦C in both greenhouses were presented. The heat stress
was exposed to plants when plants were grown for about 62 days after sowing.

The experiment plots were laid out as a split design with three replicates. The main
plot was a temperature treatment (heat stress or control), while the sub-plot was genotype
in three accessions, including HR17, HR22, and HR24. The main plots were carried in
two greenhouses. In each greenhouse, the sub-plot was laid out in randomized completed
design with 1.5 m long single row plots consisting of five transplants (30 cm apart) and
three replicates. The distance between single-row plots was 140 cm.
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2.2. Evaluation of Physiological Characteristics and Yields

Plant height and stem thickness of three tomato cultivars were measured 1, 2, 4, 12,
25, 35, 43, and 57 days after heat treatment. For each replicate, at least three plants were
measured. The plant height (cm) was measured from the base of plant to the tip. The
plant stem thickness (mm) was measured using a digital caliper (CD-20APX, Mitutoyo Co.,
Ltd., Kanagawa, Japan). Plants were harvested on the 35th days and 57th days after heat
treatment. At harvest, fresh weights (g) of fruits, leaves, and stems, and total leaf area (LA)
were measured. The leaf area of each plant per m2 covered by the crop was measured using
an integrator of LA (LICOR-300, Lincoln, NE, USA). The harvested samples were dried at
70 ◦C, and dry weights (g) of stem, leaves, and fruits were measured. The moisture contents
of each plant were measured using fresh and dry weights. The dry matter distribution was
calculated using the dry weight data for each plant part.

2.3. Leaf Gas Exchange and Chlorophyll Fluorescence

On days of 1, 2, 4, 12, 25, 35, 43, and 57 days after heat treatment, a LI-COR LI-6800
(LI-COR Inc., Lincoln, NE, USA) gas exchange instrument was used to measure a net
photosynthesis rate (A, µmol m−2s−1). On the 35th day, the readings were not stable; thus,
the data from the 35th day were excluded from the data analysis. The measurements were
taken on a newly fully expanded leaf between 10:00 and 14:00. The temperatures in Li-Cor
chamber were set at 25 ◦C and 35 ◦C for control and heat treatment, respectively. The light
intensity was 600 µmol m−2s−1, and the CO2 concentration was set to 400 µmol mol−1 CO2
with 60% relative humidity for both greenhouse conditions. We exposed the selected leaves
to various levels of irradiation for 4–5 min until the CO2 uptake curve was stabilized, and
then data were collected.

On the same days as the measurements of net photosynthesis rates, chlorophyll
fluorescence was also collected on the same days as gas exchange measurements. Photon
system Instrument (FluorPen, FFP 110, PSI, Drasov, Czech Republic) was used to measure
PSII photochemical efficiency (Qy, Fv/Fm). The measurements were taken on a newly
fully expanded leaf after 15 min of dark adaptation. After dark adaptation, saturating light
was given at 3000 µmol (photon) m−2s−1, actinic light 1000 µmol (photon) m−2s−1, and
measuring at 3000 µmol (photon) m−2s−1.

2.4. Determination of Electrolyte Leakage Potential in Seedlings Leaves under Heat Stress

A newly fully expanded leaf for each replicate was collected on days 2, 4, 12, 25, 35,
43, and 57 after heat treatment to measure electrolyte leakage. Leaves were sampled from
three different plants for each accession by using a cork bore as a punch. The punched
leaf disks were 5.5 mm in diameter. The punched samples were placed in a 15 mL tube
containing 10 mL of deionized water and then incubated on a shaker at 25 ◦C for 30 min.
The conductivity (EC1) of water was measured using a STARA-HB conductivity meter
(Thermo Orion, Waltham, MA, USA). The tube was heated in a boiling water bath (100 ◦C)
for 20 min and cooled at room temperature for 20 min, and then the conductivity (EC2)
was measured. Final EC content was calculated as the percentage of EC1/EC2.

2.5. Calculation Nitrogen Use Efficiency

After harvesting plants on the 30th and 58th days after heat treatment, plants were
dried and ground for nitrogen analysis. The total N contents in the dry matters of the
fruits, stems, and leaves were analyzed based on the Kjedahl method (PanReacAplliChem,
2018) [24]. Approximately 1 g of each ground sample was placed into 300 mL glass tubes.
The samples were digested in 15 mL concentrated H2SO4 using the Kjeldahl digestion
system (SH420F, Hanon, Jinan, China). The digested samples were distilled with a small
amount of NaOH using the distillation (K9840, Shandong Haineng Technology Instrument
Co., Ltd., Shandong, China). After distillation, 0.1 N HCl was slowly added to the samples
to determine total N contents. A more detailed protocol can be found in reports from
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PanReacAplliChem [24]. To find the total N (g/kg), it can be calculated with the following
equation [24]: (

ml HClsample −ml HClbland

)
× [HClcon]× 14.01× 100)

1000×weight of samples(g)
(1)

Nitrogen use efficiencies (NUE) of fruit (f) and biomass (b) for all varieties grown in
both control and heat treatment greenhouses were calculated with the following equation:

NUEf(%) =
Total N yield in fruit

Total N accumulation (soil + fertilizer)
× 100 (2)

NUEb(%) =
Total N yield in biomass(stem + leaves)
Total N accumulation (soil + fertilizer)

× 100 (3)

2.6. Statistical Analysis

The effects of heat treatment and accession were accessed by means of analysis of
variance (ANOVA). The heat treatment and accession were treated as fixed factors. Pearson
correlation procedures were conducted to analyze the relationships between the measured
traits in control and heat treatment greenhouses in two different heat stress periods. For
plant height, net photosynthesis rate, photosynthesis efficiency, and leaf leakage rates were
also statistically tested by means of ANOVA. Treatment, days, accession, and interactions
between them were tested. The effects of treatment, accession, organ parts, and interactions
between them on NUE were also statistically tested. All statistical analyses were performed
using the SAS program (SAS 9.4, Cary, NC, USA).

3. Results
3.1. Physiological Characteristic Measurements and Analysis Simple Correlation Factors

Physiological characteristics and yields of three different cherry tomato accessions,
including HR17, HR22, and HR24, were determined during various periods of exposure
to heat stress in both greenhouses. Fresh weights, fruit weight, and harvest index of all
three accessions were summarized in Table 1. According to the results of statistical analysis
(Table 2), fresh weights on the 35th days were significantly affected by heat treatment
(p = 0.0032). Under heat stress, the fruit yields of three accessions were reduced. Although
there were no significant differences found on the 57th day, except for in HR24, all accessions
experienced a yield reduction under heat stress. Fruit weights significantly differed by
accession (p = 0.004) as HR22 had the highest fruit yield among all accessions. There was
a significant interaction between accession and treatment (p = 0.04). Under heat stress,
HR17 showed the highest fruit yield on the 35th day after treatment. Although there
were no significant differences found on the 58th day after treatment, under heat stress,
HR24 produced the highest fruit yields among accessions. There were large fruit yield
reductions observed in HR17 and HR22. On the 35th day, harvest index significantly
differed by accession (p = 0.001) as HR24 had the lowest harvest index of 0.25. On the 58th
day, the harvest index of HR24 was still lower than others, but its harvest index increased
from 0.25 to 0.4 under control conditions. The harvest index of other accessions decreased
from 0.6 to 0.5. The largest yield losses were observed in HR22, with 52–57% of total
yield and fruit yield losses at 35 days of treatment and 58–67% yield losses at 57 days of
treatment. Based on these results, significant yield losses in fresh weight and fruits were
also observed in HR17 (Table 1), showing fruit losses of 43% and 64% on the 35th and 57th
days, respectively; however, they showed better yield than HR22 (Table 1).

Under control conditions, in general, three accessions had different growth patterns.
HR17 and HR22 typically had higher harvest index and produced larger fruit yields than
biomass (stem + leaves) at both harvest dates (Table 1). On the 35th day, for example, the
HR17 had the highest harvest index of 0.61, approximately 2.44-fold higher than HR24.
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On the 57th day, HR17 still had the highest fruit yields among three accessions. HR24 had
the smallest harvest index on both harvest dates, but its fresh weight was higher or the
same as HR17 under control conditions. HR22 had a similar harvest index and yields to
HR17 up to the 35th day, with the smallest fresh weights on the 57th day, but its harvest
index was kept in the range 0.54–0.62. According to the yield data in a control greenhouse,
HR17 and HR22 tended to produce more fruits than plant biomass, while HR24 produced
more plant biomass than fruits at the early growth stage. The growth patterns of the three
accessions were similar at elevated temperatures. However, significant negative effects
of long-term heat stress were found in plant biomass and fruit yields of two accessions,
HR17 and HR22. HR24 showed the most tolerance to heat stress among all accessions. At
35 days of treatment, heat stress had no effect on fruit yields (300 g) of HR24, compared to
the control (293 g). HR24 had the smallest harvest index value compared to other accessions
over two periods, but it produced the highest fruit yield compared to other accessions on
the 57th day. These results indicated that the growth pattern of HR24, which produced
more plant biomass than fruits, had less heat stress effects for longer periods than the
accessions that had harvest index values of around 0.5–0.6.

Table 1. Effects of long-term heat treatments on fresh weight (g), fresh fruit weight (g), harvest index
of three cherry tomato accessions, including HR17, HR22, and HR24, in heat treatment and control
conditions during two different time periods (35 days and 57 days). Yield differences of total weight
and fruits were calculated for each accession in each heat-treated period. n.a. data are not available.

Control Heat Stress Yield Difference (%)

Tomato Total Fresh Fresh Fruit Harvest Total Fresh Fresh Fruit Harvest Total
Varieties Weight (g) Weight (g) Index Weight (g) Weight (g) Index Weight Fruit

After 35 days
HR17 1123 ± 192 687 ± 129 0.61 640 ± 14 395 ± 57 0.62 −43 −43
HR22 1325 ± n.a. 800 ± n.a. 0.6 640 ± 14 348 ± 25 0.55 −52 −57
HR24 1193 ± 131 293 ± 74 0.25 893 ± 272 300 ± 7 0.36 −25 2

After 57 days
HR17 1594 ± 1071 1078 ± 721 0.50 742 ± 366 390 ± 227 0.50 −53 −64
HR22 1453 ± 787 821 ± 463 0.56 617 ± 293 268 ± 118 0.44 −58 −67
HR24 1559 ± 764 664 ± 299 0.43 1430 ± 97 438 ± 146 0.30 −8 −34

Table 2. ANOVA of the effects of heat treatment (Trt.), accession (AC), and their interactions (Trt*AC)
on morphological characteristics at alpha = 0.05. n.s. data are not available.

Heat Stress
Days Factors Fresh

Weight Fruit Weight Harvest
Index

Moisture
Content

Leaf Area
Index Height Stem

35
Trt. 0.0032 0.004 n.s. 0.0002 n.s. n.s. n.s.
AC n.s. 0.008 0.001 0.003 0.04 0.004 n.s.

Trt*AC n.s. 0.04 n.s. n.s. n.s. n.s. n.s.

57
Trt. n.s. n.s. 0.0005 0.04 n.s. n.s. n.s.
AC n.s. n.s. 0.0004 n.s. n.s. 0.08 n.s.

Trt*AC n.s. n.s. n.s. n.s. n.s. n.s. n.s.

In addition to yield investigations, several physiological characteristics were investi-
gated in three tomato accessions (Table 3). The moisture contents were affected by treatment
(p = 0.0002) and accessions (p = 0.003) on the 35th day, while moisture content was only
significantly impacted by treatment (p = 0.04). In general, the moisture contents were signifi-
cantly reduced under heat stress on both the 35th and 57th days. On the 35th day, HR22 had
higher moisture content than others under control and heat stress, while HR24 had the
lowest moisture content among all accessions. Leaf area index significantly differed by
accession, as HR24 had the highest leaf area index (1.69) among all accessions on the 35th
day. The plant height of all accessions increased as temperature increased; however, it sig-
nificantly differed by accession. HR22 was the shortest (162–172 cm) among all accessions,
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while both HR17 and HR24 were around 180–196 cm. There were no significant effects
found on stem thickness. As shown in Table 1, HR17 and HR22 had the most significant
heat stress effects on yields, showing significant reductions in fruit yield and leaf area index
of HR17 and HR22 in heat stress conditions (Table 1).

Table 3. Effects of long-term heat treatment on moisture content, leaf area index (LAI), plant height,
and stem thickness of three cherry tomato accessions, in HR17, HR22, and HR24, grown in two
different time periods, 35 days and 57 days, in heat-treated and control greenhouses. n.a. data are
not available.

35 Days 57 Days

Effect Tomato
Varieties

Moisture
Content

(%)
LAI

Plant
Height

(cm)

Stem
Thickness

(mm)

Moisture
Content

(%)
LAI

Plant
Height

(cm)

Stem
Thickness

(mm)

Control
HR17 89 ± 1.1 0.87 ± 0.05 180 ± 4 14.05 ± 0.33 87 ± 3.6 1.82 ± 1.40 186 ± 17 14.89 ± 1.55
HR22 90 ± n.a. 1.28 ± n.a. 162 ± 10 13.95 ± 0.7 85 ± 4.6 1.62 ± 1.32 171 ± 50 14.54 ± 2.15
HR24 87 ± 0.1 1.69 ± 0.37 185 ± 5 14.72 ± 0.47 86 ± 4.3 2.69 ± 1.96 189 ± 21 15.91 ± 3.6

Heat
HR17 86 ± 0.8 0.62 ± 0.32 189 ± 6 15.25 ± 1.80 78 ± 6.4 1.16 ± 0.63 198 ± 7 15.11 ± 1.69
HR22 87 ± 0.3 0.67 ± 0.09 166 ± 24 14.82 ± 1.47 73 ± 12.2 1.48 ± 0.30 173 ± 37 15.24 ± 1.88
HR24 83 ± 0.2 1.18 ± 0.54 188 ± 5 14.92 ± 0.86 84 ± 1.8 2.52 ± 0.19 190 ± 11 15.31 ± 2.33

Under control conditions at 35 days after treatment, there were significant positive
correlations between fruit yields with harvest index and moisture content, while a signifi-
cant positive correlation with harvest index was observed under the heat stress condition
(Figure 3). At 57 days after treatment, fruit yield had significant positive correlations with
total yield under control conditions. Under the heat stress condition, fruit yields had a
significant negative correlation with stem thickness, while there were significant positive
correlations with total weight and moisture content (Figure 3).
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3.2. Periodic Growth Responses in Morphological and Photoperiodic Parameters to Prolonged
Heat Exposures

Plant height, the PSII efficiency (Qy, Fv/Fm), and net photosynthesis rate (A) of three
cherry tomato accessions were measured on days 2, 4, 12, 25, 35, 43, and 57 after heat
treatment (Figure 4). According to statistical analysis, shown in Table 4, plant heights
were significantly affected by heat treatment and heat exposure days, both at p < 0.0001.
Additionally, there was a significant interaction between treatment and heat stress exposure
days (p < 0.0001). In both HR17 and HR22, there was increased sensitivity to heat stress
5–10 days after treatments, coincident with decreased plant growth. Although there were
no significant differences among accessions, HR24 maintained its maximum growth under
long-term heat stress. Photosynthesis was significantly affected by interaction between
treatment and exposure days at p = 0.0049 and p = 0.006, respectively. Under heat con-
ditions, Qy values of HR22 continuously decreased after four days following treatment,
while it started to decrease after 25 days under control conditions (Figure 4). HR17 showed
slight decreases in Qy after 10 days in control conditions, while it maintained its photosyn-
thesis efficiency under the heat stress condition. The HR24 maintained its photosynthesis
efficiency under both control and heat stress conditions during the experiment periods. All
accessions started to decrease their net photosynthesis rates (A) 25 days after treatments
under heat stress conditions (Figure 4).
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Table 4. ANOVA of effects of treatment days, heat stress, accessions, and their interactions on plant
height, PSII efficiency, photosynthesis rates, and leaf heat damage levels. n.s. indicates no significant
difference. * indicates the interaction between variables.

Factors Height Qy A EC

Trt. Days (D) <0.0001 <0.0001 <0.0001 <0.0001
Treatment (Trt) <0.0001 n.s. 0.058 n.s.

D*Trt <0.0001 0.0049 0.006 0.0345
Accession (AC) n.s. n.s. n.s. n.s.

D*AC n.s. 0.0234 n.s. n.s.
Trt*AC n.s. n.s. n.s. n.s.

D*Trt*AC n.s. n.s. n.s. n.s.

3.3. Effects of Long-Term Heat Stress on Leaf Heat Damage Levels and Nutrient Use Efficiency

Leaf damage levels were investigated, with electrolyte leakages from leaf discs as an
indicator of heat injury on days 2, 4, 12, 25, 35, 43, and 57 after heat treatment (Figure 5).
According to statistical analysis, in Table 4, there was a significant interaction between
growth days and treatment (p = 0.0345). Under control conditions, the injury was decreased
as plants grew, while the leaf damage level tended to increase as heat stress exposure time
increased under the heat stress condition (Figure 5). Although there was no significant
difference detected among accessions, HR24 had the lowest damage level under the heat
stress condition across the experimental periods (Figure 5), which reflected the NUE results.
Although there were significant reductions in NUE for all accessions under the heat stress
condition, NUE in HR24 vegetative organs was higher than other accessions at both 35 days
(15.9%) and 57 days (18%) after treatments. Under control conditions, HR17 and HR22 had
higher NUE in fruit organs at both 35 days and 57 days than HR24. However, all NUE in
fruits at 57 days decreased to almost one-third of values at 35 days, under both control and
heat stress conditions (p < 0.0001, Table 5).
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Table 5. Nitrogen Use Efficiency (NUE, %) and relative ratios of fruit and biomass NUE of three
cherry tomato accessions grown in heat-treated and control greenhouses for 35 days and 57 days.
ANOVA of effects of treatment days, heat stress, accessions, organs (biomass and fruit), and their
interactions on NUE were presented. n.s. indicates no significant difference. * indicates the interaction
between variables.

Treatment Accessions

NUE (%)
Fruit/Biomass

35D 57D

Fruit Biomass Fruit Biomass 35D 57D

Control
HR17 49.2 49.9 14.1 33.1 1.0 0.4
HR22 40.7 40.6 13.3 26.9 1.0 0.5
HR24 32.2 75.9 10.1 53.1 0.4 0.2

Heat
HR17 6.9 6.4 2.2 8.5 1.1 0.3
HR22 3.0 7.3 1.1 9.2 0.4 0.1
HR24 8.0 15.9 2.8 18.0 0.5 0.2

Effect p-value Effect p-value

Days <0.0001 Organ <0.0001
Treatment (Trt) 0.045 Days*Organ <0.0001

Days*Trt 0.016 Trt*Organ n.s.
Accessions (AC) <0.0001 Days*Trt*Organ 0.045

Days*AC n.s. AC*Organ <0.0001
Trt*AC n.s. Days*AC*Organ n.s.

Days*Trt*AC n.s. Trt*AC*Organ n.s.
Days*Trt*AC*Organ n.s.

4. Discussion

The physiological and yield responses in heat stress conditions were significantly
varied by accessions and growth stages. According to the previous studies [13,25], traits
associated with heat stress can vary during the vegetative and reproductive growth stages.
Thus, it is crucial to monitor changes in vegetative and reproductive traits from multiple
genotypes during both vegetative and reproductive stages to adapt to elevated tempera-
tures in the present and future [1]. In addition, the identification of key traits associated
with heat tolerance will enhance the speed of the tomato breeding program by the early
selection of heat-tolerant genotypes.

This study had monitored the growth, photosynthesis, and yield changes during
different growth stages in three cherry tomato accessions. These tomato accessions had
different growth patterns under control conditions. For example, HR17 (moderate heat-
tolerant accession) and HR22 (heat-sensitive accession) tended to have high harvest index
around 0.54–0.6, which means that it produced slightly more fruits than biomass under
control conditions. In contrast, HR24 (heat-tolerant accession) produced less fruit yield
compared to its biomass, resulting in lower harvest index values (0.25–0.46). As shown
in Figure 2, the number of days when the maximum temperatures reached over 40 ◦C
in a heat treatment greenhouse was 28 days, which was three times greater than in con-
trol conditions. As plants had exposure to more extreme heats for a long-term period,
significant yield reductions were mostly observed in two accessions, HR17 and HR22.
When plants produced more fruits in earlier stages, they were more sensitive to heat stress,
which resulted in 43–67% fruit yield losses as in HR17 and HR22. When plants produced
more biomass than fruits (e.g., HR24), they tended to be more tolerant to heat stress than
others. Although HR24 produced less fruit yield than HR17 on the 34th day, its fruit yield
was slightly increased by 2% under the heat stress condition. At the 57th day, the fruit
yield of HR24 was only decreased by 34% and produced the highest fruit yields among
all accessions.

Based on the results from correlation analysis, under heat stress conditions, fruit yields
were still strongly influenced by harvest index up to the 35th day, but total fresh weight,
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including biomass and fruits, was strongly associated with fruit yields at the 57th day.
These results indicate that plants with more leaves will be more tolerant to long-term heat
stress. HR24 increased height and leaf area index as temperature increased, which resulted
in the highest fresh total weight among all accessions under the heat stress condition.
Since the leaf area index was high in HR24, its photosynthesis efficiency was maintained
higher than other accessions for a long-term period. Many previous studies have reported
that heat stress significantly affected vegetative parameters, including leaf fresh and dry
weight, leaf area, plant height, stem thickness, etc. [26]. However, there are conflicting
and contradictory results regarding correlation between heat stress tolerant ability and
growth responses. In many cases, greater elongations of stem and leaves were observed
as temperature increased [27]. This elongation response may help plants to avoid the
heat dissipation through raising their leaves and meristematic tissues towards a cooling
breeze [28]. In addition, heat-tolerant plants are characterized by high photosynthesis
rates [29,30], and sustain gas exchange rate under heat stress [31]. Unlike our results, some
previous studies had different results, showing that vegetative growth was not strongly
associated with fruit yields [32,33]. Moreover, Abdelmageed and Gruda [34] reported that
vegetative growth parameters, including fresh leaf weight and leaf area, of heat-tolerant
tomato plants were smaller at a high temperature. This suggests that comparative studies
among multiple heat-tolerant tomato accessions that have different growth patterns are
needed to understand interactions between genotype and abiotic stress.

The results of NUE reflected the growth pattern of each accession. HR17 had high NUE
in fruits at 35 days of growth under control conditions, and resulted in higher fruit yield
production. In contrast, HR24 had high NUE in biomass because it produced more stem
and leaves than fruit parts at 35 days of plant growth. Under heat stress, the overall NUE
reduced significantly for all accessions. Many studies have reported that the heat stress
reduced the NUE due to reduced photosynthetic leaf area [35–37] and root growth [11].
Under heat stress, fresh yield of all accessions was reduced, which resulted in a large
reduction in NUE. HR24 had greater NUE than others because its fresh weight was only
reduced by 34% under long-term heat stress. NUE is highly correlated with water use
efficiency (WUE) [38]. According to Elio et al. [38], when cherry tomato WUE decreased,
the plant absorbed less nitrogen, resulting in yield reduction. A similar result was also
observed in this study. The moisture contents were significantly affected by treatment, as
seen on the 35th and 57th days after treatment. Under heat stress, water contents were
significantly reduced in comparison to control conditions. A greater damage level observed
under heat stress also explained why NUE and water content decreased as temperature
increased. A reduction in the number of healthy leaf cells caused water stress-induced
leaf area reduction, which was also observed in many other species (e.g., Sesbania aculeate,
Phaseolus vulgaris [39], Sesamum indicum [40], Pennisctum glaucum L. [41], and Solanum
lycopersicum [42]).

5. Conclusions

In this study, the responses of three cherry tomato accessions, that have different
growth patterns, to long-term heat stress were evaluated. The results of this study suggested
some key characteristics that made the accessions more tolerant to long-term heat stress.
For comparatively short-term heat stress, genotypes with a high harvest index (for example,
HR17) were more favorable. However, for long-term heat stress, genotypes that had greater
stem elongation and leaf area were more tolerant to heat stress. In addition, according
to our results, NUE was correlated with water stress, and all accessions had lower NUE
and water contents under heat stress. This suggests that a sufficient amount of water
irrigation might help plants to survive under long-term heat stress. Further investigations
of combination effects of water stress and heat stress on the growth of these accessions are
needed to find the optimal cropping management under long-term heat stress conditions.
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