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Abstract: We assessed the emergence, growth, phenotypic plasticity and quality of both landrace and
commercial tomato fruits under conditions of elevated temperature and increased CO2 concentrations
[CO2]. Four growth chambers were used in which temperature and [CO2] differed: LTLC (30 ◦C,
400 µmol CO2 mol−1), LTHC (30 ◦C, 1200 µmol CO2 mol−1), HTLC (40 ◦C, 400 µmol CO2 mol−1) and
HTHC (40 ◦C, 1200 µmol CO2 mol−1). The acronyms indicate the following: LT, low temperature; HT,
high temperature; LC, low [CO2]; and HC, high [CO2]. Elevated temperatures significantly affected
emergence in both genotypes, with the rate decreasing below 35% at HT compared to over 95% at LT.
At HT, seedlings died before producing true leaves. This increase in temperature negatively affected
plant growth, though HC produced some compensatory growth promotion. Regarding HT and CO2

interactions, HC failed to counteract the negative impacts of HT. The commercial variety showed
a higher relative distance plasticity index (RDPI) under HT, whereas the landrace showed greater
plasticity in plant height under HC. The largest fruit sizes were observed at LT, whereas no fruits
were found at HTLC. Elevated temperature at HC resulted in enhanced total phenol content and
increased antioxidant activity in the fruits.

Keywords: climate change; fruits quality; growth chambers; Solanum lycopersicum

1. Introduction

Climate change poses a significant challenge to agricultural production, largely due
to the global increase in average temperatures, which negatively affects the growth and
development of crops [1]. Predictions indicate that over the next century, atmospheric
CO2 concentrations [CO2] could surpass 1000 µmol CO2 mol−1, resulting in an average
temperature rise of approximately 5 ◦C [2]. While numerous studies have investigated
the separate effects of temperature and [CO2] on plants [1,3], research examining their
combined effect remains limited [4].

While higher [CO2] can boost plant growth, the potential temperature rises linked
to climate change pose a threat to global food security, which could lead to the extinction
of certain plant species, subsequently disrupting food production chains [5]. Therefore,
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addressing the challenges of high-temperature stress is crucial. Plant response to tempera-
ture varies across genotypes and developmental stages [6]. In that respect, Jarvis et al. [5]
suggest that species that fail to adapt to changing conditions risk extinction, resulting
in genetic erosion. Given this context, research on the effects of high temperatures and
increased [CO2] should prioritize the study of landrace genotypes.

Vegetables rank among the categories most susceptible to climate change impacts [7].
Tomatoes (Solanum lycopersicum), known as one of the world’s key horticultural crops [8],
have experienced production disruptions due to changing climate patterns [9]. A critical
phase in their cultivation is the nursery stage: superior seedling quality can enhance
root growth, nutrient absorption, photosynthetic activity and overall crop yield [10]. Yet,
studies indicate that temperatures exceeding 34 ◦C adversely impact germination, whereas
those over 32 ◦C inhibit tomato seedling growth [11]. Conversely, certain studies indicate
that elevated [CO2] may enhance seedling resilience to higher temperatures [12]. In this
regard, plant growth, phenotypic plasticity and fruit quality parameters are an alternative
to evaluate the plant responses to environmental factors. Thus, phenotypic plasticity
based on phenotypic distances among individuals of a given species exposed to different
environments (relative distance plasticity index, RDPI) allows statistical comparisons
between species or populations within species [13].

Therefore, rising temperatures are anticipated to affect the initial growth phases of
horticultural crops and alter their phenotypic adaptability, potentially leading to reduced
fruit quality [4]. This raises an important question: Could high atmospheric [CO2] maintain
the positive effects on growth, phenotypic plasticity and fruit quality in tomato plants
grown in high temperatures? Thus, the aim of this study was to determine the emergence,
growth, phenotypic plasticity and fruit quality of tomatoes under the combined effect of
high temperature and elevated [CO2].

2. Materials and Methods
2.1. Location, Plant Material and Crop Management

This research was conducted in the experimental area of the National Technological of
Mexico/Technological Institute of Conkal, Yucatán, Mexico. Fruit analyses were performed
at the Center for Research and Assistance in Technology and Design of Jalisco’s Yucatán
campus. We used two tomato genotypes: a landrace genotype named ‘C40’ from Campeche,
Mexico, which is characterized by an indeterminate growth and the production of kidney-
type fruits in a warm–subhumid climate; and a commercially temperate-climate variety,
with an indeterminate growth, called ‘Moneymaker’ (MM), which produces ball-type fruits.
The nutritional needs of the plants were catered to using the Steiner nutrient solution.
Insecticides, acaricides and fungicides were preventively applied.

2.2. Growth Chambers and Treatments

We used four growth chambers for this research, each measuring 3 m in length, 2.5 m
in width and 2.2 m in height. These chambers, enclosed and constructed with transparent
glass, were placed beneath a greenhouse white plastic roof. Beginning at 06:30 h, small
values of photosynthetically photon flux density (PPFD) were detected, which reached
1200 µmol m−2 s−1 by 12:00 h. This value persisted until 15:00 h, after which PPFD
decreased until darkness at 18:30 h. Each chamber’s temperature was managed using a
12,000 BTU air conditioner (Split Mirage, model X2, Merida, Mexico), which was modified
with an external thermostat situated above the plant canopy. The atmospheric [CO2] was
governed by a Telair sensor (T6713) integrated with an Arduino microprocessor (Telaire
7001, St. Marys, PA, USA). This setup activated a solenoid valve attached to a CO2 cylinder
hose. A dehumidifier (Hisense, DH50K1W, Mexico City, Mexico) regulated the relative
humidity (RH). To ensure uniform air distribution inside the chambers, a 12-inch rotating
fan was used. We monitored the chambers’ climatic conditions using a datalogger (HOBO
H08-004-02, Onset Computer Corp., Bourne, MA, USA). The chambers were set up with
the following conditions: LTLC (control: 30 ◦C and 400 µmol CO2 mol−1), LTHC (30 ◦C
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and 1200 µmol CO2 mol−1), HTLC (40 ◦C and 400 µmol CO2 mol−1) and HTHC (40 ◦C and
1200 µmol CO2 mol−1). The acronyms indicate the following: LT, low temperature; HT, high
temperature; LC, low [CO2]; and HC, high [CO2]. During nighttime, a temperature of 26 ◦C
and RH of 70% were maintained across all chambers. The control chamber’s temperature
and [CO2] were determined by Yucatan’s average diurnal temperature and atmospheric
[CO2]. Across all treatments, both temperature and atmospheric [CO2] exhibited a variation
of ±3 ◦C and ±55 µmol CO2 mol−1, respectively.

2.3. Seedling Emergence and Growth Parameters

Seedling emergence was calculated by counting for 14 days from sowing, where
the emergence percentage was the total number of germinated seeds at the end of the
experiment, divided by the total number of sown seeds, multiplied by 100 [14]. All growth
parameters in seedlings were carried out at 35 (seedling stage) days after sowing (DAS)
in the same seedlings used in the emergence parameters. To evaluate growth parameters
in plants at 120 DAS (fruiting stage), a different batch of seedlings was used, i.e., a batch
of seedlings grown in the same conditions (from sowing to 40 DAS) allocated to each
treatment. The height, leaf area and total biomass were calculated according to [3].

2.4. Phenotypic Plasticity

Phenotypic plasticity was evaluated in seedlings and plants. The relative distance
plasticity index (RDPI) was used to calculate the phenotypic plasticity of tomato plants
facing an increase in temperature and [CO2] [13]. The mean of RDPI was calculated with
the average of all the variables in the same environmental factor, and the difference in
the plasticity index (∆(30 ◦C—400 µmol CO2 mol

−1
)−other treatments) was calculated by increasing

LTLC (control) to other treatments (LTHC, HTLC and HTHC) [15]. Values of RDPI ranged
from 0 to 1, with a value of 1 indicating the highest phenotypic plasticity. The growth
parameters were used in all RDPI calculations.

2.5. Fruit Traits

The diameter and length of the fruits were measured using a caliper, and the weight was
measured using a digital balance. No fruits were produced in the treatment with HTLC.

2.6. Extraction and Determination of Phenolic Compounds

Phenolic compounds were extracted from tomato fruits using an ultrasonic device
(Model GEX130PB, Sonics & Materials, Newtown, CT, USA) operated at 20 kHz and 130 W.
Freeze-dried samples (0.5 g) were combined with 25 mL of 50% ethanol and these mixtures
were sonicated for 12.5 min at 80% amplitude using a 13 mm diameter probe. A water bath
ensured the temperature remained below 50 ◦C. Following sonication, the mixtures were
centrifuged at 4500 rpm for 20 min at a temperature of 4 ◦C. The resulting supernatants
were filtered and stored under freezing conditions for further analysis [16]. To quantify the
total polyphenol content, the Folin and Ciocalteu [17] method was employed. First, 250 µL
of Folin–Ciocalteau reagent (1 N) was added to 20 µL of the tomato extract. This mixture
was allowed to stand for 8 min, after which 1250 µL of 7.5% Na2CO3 and 480 µL of distilled
water was added. These solutions were left to react for 30 min, and their absorbance was
measured at 760 nm using a spectrophotometer (Thermo Fisher Scientific, Biomate 3S,
Madison, WI, USA). Calibration was carried out with a gallic acid curve ranging from 50 to
600 ppm. The results were expressed in terms of mg of gallic acid equivalents (GAE) per g
of the dried sample.

2.7. Determination of Antioxidant Activity by DPPH

The uptake of 2,2-diphenyl-1-picrylhydrazil (DPPH) radicals was determined by
analyzing the reduction in DPPH according to [18]; 100 µL of the tomato extract was added
to 2900 µL of the 0.1 mM solution of DPPH in methanol. The solution was left to react for
30 min and the measurement was carried out at a wavelength of 517 nm. The antioxidant
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activity (AA) was expressed as mg Trolox equivalents g−1 db based on a calibration curve
of 0.1 to 0.5 mM Trolox, and the percentage inhibition was determined according to the
following equation:

Inhibition percentage(%) =
[Aa − (Ab − Ac)]

Aa
× 100

where Aa = absorbance of the blank of the DPPH solution, Ab = absorbance of the mixture
containing DPPH and the sample, and Ac = absorbance of the blank solution.

2.8. Experimental Design and Statistical Analyses

The experimental design was completely random with a bi-factorial arrangement,
air temperature (30 and 40 ◦C) and [CO2] (400 and 1200 µmol CO2 mol−1). In the eval-
uation of seed emergence and seedling growth, 100 seeds per species were used as an
experimental unit, with four repetitions per treatment. To evaluate growth and phenotypic
plasticity, 20 seedlings and 10 plants were used as experimental units. Percentage data
were transformed with the arcsine of the square root. A two-way analysis of variance
(two-way ANOVA, p ≤ 0.05) was performed for all data. Where significant differences
were found, a means comparison test (Tukey, p ≤ 0.05) was conducted. Statistical analyses
were conducted with Infostat and plotted with SigmaPlot 11.0.

3. Results
3.1. Seedling Emergence

In both the landrace (C40) and commercial (MM) genotypes, elevated temperature
affected the seedling emergence, whereas [CO2] showed no significant effect. At 30 ◦C,
genotype C40 showed seedling emergence three days after sowing (Figure 1A). The MM
genotype began its emergence a day later (Figure 1C). Emergence percentages were sig-
nificantly high: 95% for C40 and 97.5% for MM at 400 µmol CO2 mol−1. Under higher
[CO2], these percentages were slightly lower: 87.5% for C40 and 90% for MM (Figure 1B,D).
On the other hand, at 40 ◦C, the C40 genotype emergence started at 4 DAS (Figure 1A).
The MM genotype had a delayed emergence, starting at 9 DAS (Figure 1C). However, the
emergence percentages were significantly low for all treatments, with all falling below 35%
of the total emergence (Figure 1B,D).
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Figure 1. Daily and total emergence of seedlings of landrace (C40) tomato (A,B) and commercial 
(MM) tomato (C,D), cultivated under different temperatures and [CO2]. LTLC = 30 °C and 400 µmol 
Figure 1. Daily and total emergence of seedlings of landrace (C40) tomato (A,B) and commercial
(MM) tomato (C,D), cultivated under different temperatures and [CO2]. LTLC = 30 ◦C and 400 µmol
CO2 mol−1; LTHC = 30 ◦C and 1200 µmol CO2 mol−1; HTLC = 40 ◦C and 400 µmol CO2 mol−1;
HTHC = 40 ◦C and 1200 µmol CO2 mol−1. Data are means ± SE; * = statistically significant differences
(2-way ANOVA, p ≤ 0.05, n = 200). Different letters indicate statistically significant differences among
treatments (Tukey, p ≤ 0.05, n = 100).
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3.2. Growth Parameters in Seedling and Plant

Growth parameters in seedlings could only be assessed for the 30 ◦C treatments due to
the low emergence (Figure 1A–D) and high mortality of seedlings in the 40 ◦C treatments.
Analyzing seedling height in both genotypes showed similar trends, but LTHC seedlings
showed greater height (5.4 and 5.29 cm at C40 and MM, respectively). Under LTLC, the
height was 3.45 cm for C40 and 3.82 cm for MM. Therefore, the elevated [CO2] led to an
increase in seedling height by 36.2% for C40 and 27.8% for MM (Figure 2A,B). Both leaf area
and seedling biomass showed similar trends to seedling height as [CO2] increased. Under
higher [CO2], the leaf area for C40 expanded by 62.5% and by 48% for MM (Figure 2C,D).
In parallel, the biomass increased by 80% for C40 and 75% for MM (Figure 2E,F).
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Figure 2. Height, leaf area and dry mass of seedlings (35 DAS) of landrace (C40) tomato
(A,C,E) and commercial (MM) tomato (B,D,F) cultivated under different temperatures and [CO2].
LTLC = 30 ◦C and 400 µmol CO2 mol−1; LTHC = 30 ◦C and 1200 µmol CO2 mol−1; HTLC = 40 ◦C
and 400 µmol CO2 mol−1; HTHC = 40 ◦C and 1200 µmol CO2 mol−1. Data are means ± SE; different
letters indicate statistically significant differences among treatments (Tukey, p ≤ 0.05, n = 20).

In adult plants, the height of the C40 genotype significantly increased to 141 cm at
30 ◦C—1200 µmol CO2 mol−1 treatment, whereas other treatments showed no significant
differences (Figure 3A). For MM, distinct height differences were observed between plants
at 30 ◦C—1200 µmol CO2 mol−1 (139 cm) and those at 40 ◦C—400 µmol CO2 mol−1 (120 cm)
(Figure 3B). Regarding leaf area in C40, all treatments showed a significantly larger area
ranging from 905 to 1027 cm2 compared to the HTHC treatment, where seedlings had an
area of only 495 cm2 (Figure 3C). In the MM genotype, leaf areas at 30 ◦C with values of



Horticulturae 2023, 9, 1266 6 of 14

1246 cm2 at LC and 1443 cm2 at HC were significantly greater than those at HT, where
the area was 485 cm2 and 748 cm2 for LC and HC, respectively (Figure 3D). A consistent
observation across both genotypes was the increased carbon gain in dry biomass under
HC. Under LTHC, both C40 (36.5 g) and MM (51.6 g) showed higher values compared to
their respective controls (29.5 g for C40 and 33.8 g for MM; Figure 3E,F). For C40, HT did
not hinder biomass growth compared to the control. In contrast, MM showed a decline
in biomass at HTLC (24.8 g) compared to its control (Figure 3E). Nevertheless, for MM,
even under HT, HC helped biomass (36.8 g) remain comparable to its control value (33.8 g)
(Figure 3F).
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Figure 3. Height, leaf area and dry mass of adult plants (120 DAS) of landrace (C40) tomato
(A,C,E) and commercial (MM) tomato (B,D,F) cultivated under different temperatures and [CO2].
LTLC = 30 ◦C and 400 µmol CO2 mol−1; LTHC = 30 ◦C and 1200 µmol CO2 mol−1; HTLC = 40 ◦C
and 400 µmol CO2 mol−1; HTHC = 40 ◦C and 1200 µmol CO2 mol−1. Data are means ± SE; different
letters indicate statistically significant differences among treatments (Tukey, p ≤ 0.05, n = 10).

3.3. Relative Distance Plasticity Index (RDPI)

Values of RDPI were low for plant height (0.04; Figure 4A). No significant differences
were found between the genotypes when considering the temperature effect (p ≤ 0.05).
However, for both leaf area and biomass, RDPI values in MM (0.43 and 0.15, respectively)
were statistically greater than those in C40 (0.04 and 0.03) (Figure 4C,E). Assessing the
influence of [CO2] revealed that height RDPI in C40 (0.08) was significantly higher than
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that in MM (0.03) (Figure 4B). As for the leaf area, HC did not result in any significant
differences between the genotypes (Figure 4D). Conversely, for biomass, MM showed a
higher RDPI (0.2) than C40 (0.1) (Figure 4F).
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Figure 4. Relative distance plasticity index (RDPI) of height, leaf area and dry mass per effect of
temperature (A,C,E) and [CO2] (B,D,F). Data are means ± SE; different letters indicate statistically
significant differences among genotypes (Landrace: C40 and Variety: MM) (Tukey, p ≤ 0.05, n = 10).

Both temperature and [CO2] with the RDPI values in the growth variables were low
(<0.14), with no significant statistical differences among treatments (Figure 5A); however,
when control values were used to calculate the difference in the plasticity index of growth
parameters (the differences between control and the rest of treatments), positive changes
were observed in leaf area and height with HC. However, these values became negative
with HT. Under HC, certain growth variables showed plasticity, but this adaptability was
absent under HT (Figure 5B).
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3.4. Fruit Quality

Overall, genotype MM produced fruits that were morphologically larger compared to
the C40 genotype. Nonetheless, a consistent trend was observed across both genotypes,
with fruits from the LT treatments showing statistically greater length, width and weight
(p ≤ 0.05) compared to those under the HTHC treatment. It is worth noting that no fruit
developed under HTLC, highlighting the adverse impact of elevated temperatures on fruit
formation. When [CO2] was increased to 1200 µmol CO2 mol−1 at 30 ◦C (LTHC), there was



Horticulturae 2023, 9, 1266 9 of 14

no observable change compared to the control (LTLC). Furthermore, fruits from the HTHC
treatment did not match the control in terms of quality and size (Figure 6A–F).
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CO2 mol−1; LTHC = 30 ◦C and 1200 µmol CO2 mol−1; HTLC = 40 ◦C and 400 µmol CO2 mol−1;
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For the total phenol content (TPC) in C40 fruits, no significant differences were found
between the two 30 ◦C treatments (3.8 and 5.1 mg GAE g−1 dw in LC and HC, respectively),
but HTHC treatment (6.1 mg GAE/g dw) statistically surpassed both LTLC and LTHC
treatments (Figure 7A). For MM fruits, treatment with HTHC resulted in the highest TPC
(8.5 mg GAE g−1 dw), which significantly exceeded the other treatments (4.6 and 3.5 mg
GAE g−1 dw in LTLC and LTHC, respectively) (Figure 7B). Regarding antioxidant activity
(AA), the highest levels were observed in the fruits under the HTHC treatment, yielding
5.8% DPPH inhibition for C40 and 5.5% for MM. The two LT treatments followed closely,
ranging from 4% to 4.4% DPPH inhibition (Figure 7A,B).
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p ≤ 0.05, n = 20).

4. Discussion

In this study, for both tomato seedlings and plants, the increase in growth variables
was caused by elevated [CO2]. Rising atmospheric CO2 is known to amplify photosynthetic
activity, curb photorespiration and reduce stomatal conductance [19]. For instance, tomato
plants grown at 550 µmol CO2 mol−1 were found to be 24% taller than their counterparts at
380 µmol CO2 mol−1 [20]. In seedlings, regardless of CO2 concentration, high temperatures
negatively affected biomass across genotypes. In contrast, in the present research, mature
plants showed higher resilience to elevated air temperatures, with the sole exception of
MM plants under HTLC, which lagged behind the control in terms of biomass. The highest
biomass accrual was recorded at LTHC (30 ◦C—1200 µmol CO2 mol−1).

Elevated temperatures detrimentally impact seed emergence, with temperatures over
35 ◦C being known to inhibit tomato seed germination [6,11]. In fact, germination can be
entirely halted when temperatures climb over 40 ◦C [21]. This heat stress curtails cell wall
elongation and embryonic cell differentiation, potentially due to protein degradation [22],



Horticulturae 2023, 9, 1266 11 of 14

which in turn suppresses protein synthesis pivotal for germination [23]. While elevated
CO2 levels were not found to significantly influence germination, which is consistent
with prior research [24,25], responses to CO2 can differ across species [26] and even geno-
types [27]. The benefits of higher CO2 levels become evident when the first true leaves
become photosynthetically functional, but not during germination [4].

In a high-temperature environment (HT), seedlings died out a few days after emer-
gence. While the seedlings continued their growth for some days relying on cotyledons,
they perished before sprouting their first true leaves. However, seedlings transferred to
40 ◦C chambers after reaching 35 DAS (displaying at least five pairs of true leaves) persisted
in their growth. The transition from cotyledons to true leaves emerged as a vulnerable
juncture for tomato seedlings. Exposing plants to temperatures exceeding their optimal
levels can result in halted growth, damage or even death [28]. Increased CO2 typically
results in larger leaf areas in both seedlings and mature plants [29]. Plant height is a growth
parameter not affected by elevated temperature [4]; however, plant height and other growth
parameters (leaf area and biomass) were affected under high [CO2]. Notably, the C40 geno-
type, native to a warm region and presumably adapted to such climates, produced smaller
leaves than MM, a strategy used to curtail water loss [30]. In a study with tomato plants,
the effect of high temperature was different among varieties, but treatments with elevated
CO2 increased the biomass in all genotypes [31]. In this regard, high-temperature stress
decreased nutrient absorption, as well as absorption levels and assimilation of proteins in
tomatoes [32,33]. Past research indicated that while separate temperature and CO2 effects
on nutrient assimilation can vary, their combined effects are likely to show the positives of
increased CO2 overshadowed by the negatives of elevated temperatures [34].

Phenotypic plasticity refers to a genotype’s ability to display varied phenotypes across
different environments. One way to assess this is via RDPI. In this study, RDPI values
diverged based on genotype; specifically, the commercial variety MM showed high RDPI
as temperature increased, whereas the landrace genotype C40 showed notable plasticity
only in plant height with increased [CO2]. When these values were compared to a control
treatment, growth parameters displayed less plasticity under elevated temperatures, but
showed slight plasticity increases in leaf area and height under elevated CO2 conditions;
genotype MM showed more pronounced phenotypic plasticity than C40. However, only
in certain characteristics did high CO2 treatments surpass the control. Studies, such as
one on a multiparent tomato population, underscore the utility of phenotypic plasticity
investigations in discerning plant adaptability mechanisms to diverse stress conditions,
thereby aiding in the selection of top-performing varieties [35]. Our findings suggest that
the greater plasticity in MM may result from prolonged selective breeding, which has
anchored genes essential for diverse environments. Some theories propose that plasticity
stems from allele expression variations contingent on the environment, inferring separate
genetic controls for a trait’s average phenotype and its plasticity [36,37]. To delve deeper
into the genetic underpinnings of phenotypic plasticity, a study encompassing two Solanum
species in varied environments was undertaken [38]. It was found that over 7000 genes
altered their expression patterns in response to environmental changes. This means growth
conditions can influence a genotype’s transcriptome, adjusting splice variant numbers
based on the environment [38]. Using phenotypic plasticity as a benchmark can effec-
tively pinpoint genotypes with robust growth potential within the genotype-environment
interplay [35].

Regarding fruit production, MM generally bore larger fruits than C40. Nevertheless,
both genotypes showed similar patterns. Optimal fruit values were recorded at 30 ◦C
treatments, whereas the HTLC treatment bore no fruits. Moreover, fruits from the HC
treatment did not outperform control conditions. A parallel study on two Capsicum species
subjected to analogous temperature and CO2 conditions echoed these findings, noting the
absence of fruit production under high temperatures and enriched CO2. It was inferred
that temperatures of 40 ◦C escalated flower abortion, negatively impacting fruit yield [4].
Another tomato study highlighted that elevated CO2 levels augmented fruit quantity and
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weight per plant [39]. Typically, high CO2 bolsters plant biomass growth due to increased
carbon availability for photosynthesis. However, when temperatures soar, the positive
impacts of CO2 might be overshadowed by the detrimental effects of elevated temperatures
on the plant [3].

Both total phenolic content (TPC) and antioxidant activity (AA) showed similar pat-
terns. While CO2 levels did not significantly alter these values, high temperatures (HTHC)
did elevate both TPC and AA. One study examining the combination of shade netting and
low-cost greenhouse technology found that high temperatures raised TPC values. This
increase was attributed to elevated PPFD [40]. However, in our study, PPFD remained con-
sistent across all experimental conditions, suggesting that changes in TPC and AA primarily
result from temperature variations. Notably, under high temperatures (40 ◦C), we only
assessed fruits exposed to increased CO2 due to the absence of fruits in control seedlings.
Another tomato study found that fruit quality was more influenced by temperature than
PPFD [41]. Similarly, a research project evaluating a variety of tomato genotypes concluded
that areas with warmer temperatures yielded better-quality fruits with higher TPC values.
They proposed that this might be a plant’s adaptive response to thermal stress [42]. For
other vegetables cultivated in tropical climates, even if photosynthetic enzymes do not
always contribute to biomass, they might still support alternative metabolic pathways
crucial for species survival [3]. This could be the scenario with TPC and AA. Under thermal
stress or high radiation, plants may produce and allocate phenols—ranging from simple
to complex compounds—to safeguard their tissues. Many of these phenols can also show
antioxidant properties [18].

5. Conclusions

An increase in air temperature to 40 ◦C adversely affected emergence, seedling growth,
adult plant development, phenotypic plasticity and fruit size. However, it did enhance
total phenols and antioxidant activity. Notably, when the temperature was raised to 40 ◦C
while keeping atmospheric [CO2] at 400 µmol CO2 mol−1, fruits were absent. Conversely,
an elevated [CO2] of 1200 µmol CO2 mol−1 at 30 ◦C facilitated growth. Yet, the advantages
of this elevated CO2 level could not offset the detrimental impacts of the 40 ◦C temperature.
These negative outcomes are particularly evident in seedling metrics and fruit quality,
suggesting that these stages might be especially vulnerable in anticipated climate change
scenarios. Our findings offer valuable insights for predicting tomato plant responses in
comparable environmental contexts. However, to obtain a comprehensive understanding of
the plant, it is essential to consider other factors such as gas exchange, leaf photochemistry
and proteomics. This would provide a more complete picture in anticipation of imminent
climate change.
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