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Abstract Temperature is one of the most critical environmental factors regulating tomato (Solanum lycopersicum L.) growth,
physiological processes, and yield formation. With the increasing frequency of extreme temperature events and the expansion of
protected cultivation systems, effective temperature regulation has become essential for achieving stable and high-quality tomato
production. This review summarizes the effects and mechanisms of temperature regulation on tomato growth, photosynthesis,
reproductive development, fruit quality, and yield formation. Appropriate temperature management promotes seed germination,
vegetative growth, root development, and biomass accumulation by optimizing plant metabolic activities and resource utilization
efficiency. Temperature regulation also improves photosynthetic performance, antioxidant defense capacity, and nutrient metabolism,
thereby enhancing plant adaptation to thermal stress. During reproductive growth, suitable temperature conditions facilitate flowering,
pollen viability, fruit set, and fruit expansion, while temperature extremes can cause flower abortion, reduced fruit quality, and yield
losses. Furthermore, this review discusses the physiological and molecular mechanisms involved in temperature responses, including
hormonal regulation, heat shock proteins, cold-responsive pathways, and temperature-sensitive gene expression. A case study is
presented to evaluate the practical effects of different temperature management strategies in greenhouse tomato production. Future
research should focus on integrating intelligent environmental control systems, crop growth models, and multi-factor regulation
approaches to develop precise and climate-resilient temperature management strategies for sustainable tomato production.
Keywords Temperature regulation; Tomato production; Growth and yield; Thermal stress; Greenhouse cultivation

1 Introduction

Tomato production depends strongly on temperature regulation because tomato is widely cultivated across
open-field and greenhouse systems, yet its growth, reproductive success, and fruit quality decline when
temperatures move beyond the crop’s favorable range. Tomato is one of the world’s most important horticultural
crops, and rising temperatures are increasingly recognized as a major threat to its productivity under climate
change (Luo et al., 2023; Graci and Barone, 2024). This sensitivity is agronomically important because tomato
performs best within a relatively narrow thermal window: optimal growth has been placed broadly between
18°C-32°C, while optimal average day and night temperatures for reproductive performance are narrower, around
21°C-30°C and 18°C-21°C, respectively (Luo et al., 2023). As temperatures rise above or fall below these optima,
the effects are expressed not only as general stress but also as direct constraints on flowering, fruit set, and
marketable yield, making temperature regulation a central component of stable tomato production rather than a
secondary environmental concern (Lee et al., 2022).

The importance of regulating temperature is further underscored by evidence that both heat stress and sub-optimal
low temperature impair the formation of yield at multiple developmental stages. Temperature has a large effect on
all aspects of tomato development, with declining temperatures reducing leaf and truss initiation rates, while
sub-optimal conditions also reduce fruit set because of poorer pollen quality At the high-temperature end,
reproductive development is especially vulnerable: exposure above 32/20°C day/night during the reproductive
phase reduces fruit set and fruit weight, and temperatures above 35°C can further suppress fruit set and delay
normal fruit coloration (Miller et al., 2021; Vijayakumar et al., 2021). These responses explain why temperature
regulation is not simply about maintaining vegetative growth, but about protecting the sequence of
processes—from floral initiation to successful fertilization and fruit enlargement—that ultimately determines yield.
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The relationship between temperature conditions and tomato growth and yield formation is therefore both
physiological and developmental. Temperature alters metabolic efficiency, respiration, membrane stability,
photosynthesis, and carbon use, and these whole-plant effects interact with stronger reproductive sensitivity
during flowering and fruiting (Alsamir et al., 2020; Elazazi et al., 2024). Experimental and modeling studies show
that yield losses under heat stress are driven mainly by reductions in fruit number, fruit set, seed set, and
individual fruit mass rather than by a simple decline in total biomass. In South Florida simulations, yield
decreased as air temperature increased, with losses of 52°C-85% above current conditions, primarily because fruit
production declined, even though biomass accumulation and leaf area index increased with temperature (Ayankojo
and Morgan, 2020). Likewise, controlled studies of fruit development found that both low (14°C) and high (26°C)
temperature regimes tended to produce small parthenocarpic fruits and low fruit yields, while newer modeling
work showed that 30-34°C reduces pollen viability, germination, seed set, and fruit mass, and that 14°C lowers
yield by reducing both fruit set and fruit size (Zepeda et al., 2026). Together, these findings indicate that tomato
yield formation is shaped not only by mean temperature but by the timing, duration, and amplitude of thermal
stress, especially during sensitive reproductive stages.

Against this background, the objective of this review is to synthesize current knowledge on how temperature
regulation affects tomato growth, reproductive development, and final yield, and to identify practical and
biological factors that can improve resilience under fluctuating thermal environments. Recent work has shown
that even within commercial greenhouses, local canopy microclimates can vary by up to 3°C in daily average
temperature and can measurably influence stem growth, fruit growth, and truss mass, indicating that “temperature
regulation” must be understood at the crop-canopy scale rather than only at the level of a central climate setting
(Salagovi¢ et al., 2024). At the same time, advances in genetics and molecular physiology show that
thermotolerance can be improved through targeted trait selection and mechanistic understanding: quantitative trait
loci linked to fruit set, yield, and soluble solids have been identified under high temperature, and heat-responsive
reproductive regulators such as the TSP4a/TSP4b module have been shown to help maintain fruit set and fruit
sugar levels under warming conditions (Elazazi et al., 2024; Lu et al., 2025). Accordingly, this review focuses on
three linked themes: the importance of temperature regulation in tomato production systems, the mechanisms by
which temperature shapes growth and yield formation, and the emerging management, breeding, and monitoring
strategies that can support high yield and fruit quality under climate warming.

2 Temperature Requirements and Environmental Regulation in Tomato Production

2.1 Optimal temperature ranges during different growth stages

Tomato temperature requirements vary by developmental stage, and reproductive performance is generally more
temperature-sensitive than vegetative growth. Broadly, optimal growth has been placed between 18°C and 32°C,
but fruit set and yield respond best within a narrower mean temperature window, with daily average temperatures
of 21°C-24°C, 22°C-25°C, or 22°C-26°C repeatedly identified as favorable for reproductive success (Luo et al.,
2023). Night temperature is also important during flowering and fruit set, because night temperatures of
15°C-20°C increase marketable yield, while a night temperature of 13°C can still maintain good fruit set under
some conditions (Alsamir et al., 2020; Lee et al., 2022).

Stage-specific thresholds further show that tomato should not be managed with a single thermal target throughout
the crop cycle. Seedling emergence can already be damaged at 30°C, whereas temperatures above 35°C
significantly inhibit germination, vegetative growth, flowering, fruit set, and ripening; by contrast, lower
developmental thresholds for tomato are often placed near 15°C, below which growth and development largely
cease (Lee et al.,, 2022). During fruit development, increasing temperature accelerates ripening, with fruits
ripening 95, 65, 46, and 42 days after flower opening at 14°C, 18°C, 22°C, and 26°C, respectively, but both high
and low temperature regimes also tend to produce small parthenocarpic fruits and lower yields when flower
number or fruit set is impaired.

2.2 Effects of temperature fluctuations on plant development
Temperature fluctuations affect tomato development not only through mean temperature but also through the
timing, duration, and amplitude of thermal stress. Sub-optimal temperatures reduce leaf and truss initiation rates
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and increase the time from anthesis to ripening, while high temperatures above the optimum alter vegetative and
reproductive growth, including flower and pollen development, and thereby reduce fruit set and final yield (Graci
and Barone, 2024). Experimental evidence also shows that tomato can integrate day-night temperature variation
only within limits: early- and late-summer regimes with average day/night temperatures of 28.1°C/24.3°C and
30.1°C/26.5°C supported more clusters, flowers, fruits, and better quality than the hotter 32.4°C/28.5°C
mid-summer regime (Talukder et al., 2025).

Short periods of temperature extremes during reproductive stages can be especially damaging because they
directly impair pollen quality, seed set, fruit set, and fruit mass. In a controlled modelling study, 30°C and 34°C
reduced pollen viability and germination, lowering seed set and fruit mass, while 14°C and 34°C reduced fruit set;
the predicted yield loss at 14°C came from both fewer fruits and smaller fruits, whereas at 30°C it came mainly
from smaller fruits (Zepeda et al., 2026). Field and greenhouse comparisons likewise showed that yield losses
near 70% under high temperature were linked to poorer fruit set, and that maximum or minimum temperature
during sensitive reproductive periods can matter more than season-long mean temperature because even short
exposure above the optimum can sharply reduce reproductive success (Ro et al., 2021).

2.3 Temperature management strategies in greenhouse tomato production

Greenhouse temperature management should aim to maintain stable crop-level conditions rather than relying only
on compartment-wide averages. Commercial greenhouse monitoring has shown spatial temperature gradients of
up to 3°C and vapour pressure deficit differences of up to 0.6 kPa within the same canopy, and these local
microclimate differences measurably altered stem growth, fruit growth, and truss mass at harvest (Salagovi¢ et al.,
2024). This supports the use of denser sensor networks, because local microclimate effects on plant growth were
larger than bulk climate variation recorded by a single central sensor, making whole-greenhouse sensor grids more
suitable for climate control than one-point monitoring (Salagovi¢ et al., 2024).

In hot-season protected cultivation, cooling strategies should be adjusted to reproductive thermal thresholds rather
than fixed to a single seasonal set point. Mean daily temperatures of 25°C-26°C appear to be the upper limit for
proper fruit set and fruit yield in protected tomato during Mediterranean summer, and reducing mean daily
temperature by only 1°C-1.5°C with fogging, together with increasing daytime relative humidity from 50% to
70%, improved pollen viability. Evidence from passive solar greenhouse systems also suggests that low-cost
protection can buffer unfavorable field conditions and raise marketable yield, but shading must be used cautiously
because although greenhouse production increased yield 1.8-fold over open field, added shading delayed
flowering and reduced marketable yield by 48% (Angmo et al., 2021).

3 Effects of Temperature Regulation on Tomato Vegetative Growth

3.1 Effects on seed germination and seedling establishment

Temperature regulation strongly determines the success of tomato seed germination and early seedling
establishment because these stages are among the most temperature-sensitive phases of the crop life cycle.
Controlled experiments showed that the most suitable germination temperatures were 24°C-28°C, whereas
germination rate and seedling vigor declined above 28.5°C, only about half of the seeds germinated at 31.5°C, and
no germination occurred at 36°C (Toki¢ et al., 2023). Classic thermal analysis similarly found that germination
occurred between 6.0°C and 37.5°C, with the optimum range for germination Kkinetics centered around
25.9°C-29.5°C, indicating that both excessively low and excessively high temperatures constrain rapid and
uniform emergence.

High temperature not only suppresses germination percentage but can also trigger physiological inhibition that
compromises subsequent establishment. In one genetic study, prolonged exposure of imbibed seeds to elevated
temperature induced thermo-dormancy in the cultivar ‘Moneymaker’, with induction beginning after about 33 h
and germination falling to 0% after roughly 100 h of exposure. Variety comparisons also showed that 33°C
significantly reduced germination rate, vigor, germination index, and vitality index, and that early seedling roots
were inhibited more strongly than shoots, with larger effects in less thermotolerant genotypes.
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3.2 Effects on plant morphology and biomass accumulation

Temperature regulation also reshapes tomato morphology during vegetative growth, often by altering elongation
patterns, leaf traits, and whole-plant partitioning. Seedlings developed at 28.5°C and 31.5°C showed significant
hypocotyl elongation, while stronger heat exposure caused more severe visible injury, including chlorosis, leaf
wilting, and stem bending in both seedlings and adult plants (Toki¢ et al., 2023). Under greenhouse lighting
systems with different thermal properties, warmer leaf conditions were associated with thinner and smaller leaves
and with a higher fraction of biomass allocated to vegetative tissues, indicating that temperature interacts with
canopy energy balance to shape plant form and dry-matter distribution.

Biomass accumulation responds to temperature in a more complex way than morphology because higher
temperature can stimulate growth processes while reducing final dry matter if respiratory or assimilate costs
become too high. In growth-chamber experiments, a daily mean temperature of 30°C increased relative growth
rate, net assimilation rate, and leaf area ratio, and gas-exchange at the later stage was about twice that at 20°C
(Yamaura et al., 2021). However, the same study found that total dry matter was lower at 30°C and that
non-structural carbohydrate accumulation in leaves and stems decreased, showing that supra-optimal temperature
can accelerate carbon use and short-term growth while limiting biomass storage and final vegetative accumulation
(Yamaura et al., 2021).

3.3 Effects on root development and nutrient uptake

Root systems are highly temperature-sensitive, and both low and high root-zone temperatures restrict root
development and nutrient capture. Under heat stress, tomato seedlings showed inhibited primary root length at
both 37°C and 45°C, while lateral root number was significantly suppressed under 37°C, demonstrating that root
architecture is modified even before severe aboveground damage becomes apparent (Toki¢ et al., 2023). Low
root-zone temperature had similarly negative effects: at 7°C and 13°C, root development was delayed and the
number and diameter of ducts in root and stem were reduced, which limited mineral absorption and transport
capacity (Miao et al., 2023).

Temperature effects on roots translate directly into nutrient uptake efficiency and shoot nutrition. Across six
root-zone temperature treatments, nutrient uptake for most mineral elements peaked at 26.7°C, and root dry
weight, shoot dry weight, shoot growth, plant height, and water use all peaked near 25°C, indicating a clear
physiological optimum for root-mediated support of vegetative growth (Tindall et al., 1990). Additional evidence
from low-temperature and nutrient-composition studies showed that increasing root temperature increased shoot
total N, P, Mg, and K, whereas low root temperature caused nitrate and potassium to accumulate in roots because
ion translocation was hindered, helping explain why cool root zones slow tomato growth even when nutrients are
supplied adequately.

4 Effects of Temperature Regulation on Photosynthesis and Physiological Processes

4.1 Temperature effects on photosynthetic performance

Temperature regulation directly controls tomato photosynthetic capacity because both chilling and heat stress
impair the efficiency of the photosynthetic apparatus. Under sub-optimal temperature, tomato showed reduced
chlorophyll content and declines in Y(II), Fv/Fm, qP, and ETR, with larger reductions in the cold-sensitive cultivar
than in the tolerant one, indicating that genotype influences the extent of photochemical damage (Gao and Wu,
2024). Heat stress similarly depressed gas exchange and photosynthesis by lowering P Nmax and SPAD values,
while increases in internal CO concentration indicated that the limitation was mainly non-stomatal and associated
with photosystem and Rubisco impairment (Luo et al., 2023).

Evidence from fluorescence-based studies shows that temperature stress acts strongly on electron transport,
especially within PSII. In tomato leaf and fruit, OJIP fluorescence parameters clearly distinguished heat from
chilling injury, and heat had a greater effect on the PSII electron transport chain than chilling, with fruit tissues
showing stronger changes than leaves. Day/night temperature regime also matters: at the fruiting stage, positive
DIF increased chlorophyll content, net photosynthetic rate, stomatal conductance, Fv/Fm, and ¢PSII, whereas

negative DIF reduced these traits and increased non-photochemical quenching.
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4.2 Regulation of water and nutrient metabolism under temperature changes

Temperature changes regulate tomato water relations largely through root hydraulic function and stomatal
behavior. Under suboptimal soil temperature, root hydraulic conductivity and conductance declined, stomatal
conductance decreased, and plant biomass was reduced, showing that cool root zones restrict water transport even
when aboveground conditions are more favorable (Bristow et al., 2021). Heat stress also altered leaf water
relations: high temperature reduced water-use efficiency, while salicylic acid pretreatment improved leaf water
potential, osmotic potential, and stomatal function, indicating that water balance is a major component of thermal
adaptation (Luo et al., 2023).

Temperature effects on nutrient metabolism are closely linked to photosynthesis and root performance. High
temperature reduced nitrogen metabolism through lowered photosynthesis and nutrient loss, while moderate
nitrogen supply helped maintain nitrate reductase, glutamine synthetase, soluble protein, and free amino acid
levels under thermal stress (Luo et al., 2023). Under suboptimal soil temperature, nutrient uptake was also
selectively constrained, with phosphorus uptake identified as especially inadequate because of low solubility and
dependence on root surface activity, whereas greater phosphorus uptake was associated with improved
photosynthetic performance (Bristow et al., 2021).

4.3 Antioxidant defense and stress adaptation mechanisms

A central consequence of temperature stress in tomato is the overproduction of reactive oxygen species, which
disrupts redox balance and damages membranes, proteins, and photosynthetic systems. Heat stress is associated
with toxic accumulation of ROS and broad physiological injury, and more general plant evidence shows that high
temperature drives ROS overproduction, lipid peroxidation, membrane damage, and impairment of the
oxygen-evolving and photochemical systems (Hasanuzzaman et al., 2020; Khan et al., 2024). In tomato exposed
to drought, heat, and combined stress, both cultivars showed sharp increases in H-O, and superoxide production,
accompanied by higher oxidative damage markers and smaller canopy area and stem diameter under combined
stress.

Tomato stress tolerance depends on activating both enzymatic and signaling-based antioxidant defenses. Under
cold stress, trehalose pretreatment increased SOD, CAT, APX, and GR-related antioxidant capacity, reduced
membrane lipid peroxidation, and acted through an H»O,-NO signaling pathway in which NO functioned
downstream of H,O» (Liu et al., 2020). Other studies support a similar redox-regulated adaptation model:
exogenous ALA increased glutathione- and ascorbate-linked antioxidant defense at low temperature, while in heat
stress, tomato thermotolerance was associated with higher APX and SOD activity, HSP40-mediated enzyme
protection, and melatonin-related ROS scavenging (Fortunato et al., 2023).

S Effects of Temperature Regulation on Flowering, Fruit Set and Yield Formation

5.1 Effects on flowering and reproductive development

Temperature regulation is especially critical during the reproductive stage because tomato flowering and
fertilization respond to a narrower thermal range than vegetative growth. Optimal daily mean temperature for fruit
set is generally around 21°C-24°C, whereas exposure to warmer conditions for successive days or weeks during
reproductive growth markedly disrupts fruit set, and in protected cultivation 25°C-26°C appears to be the upper
limit for proper fruit set and yield during hot Mediterranean summers. The reproductive damage is expressed
through impaired anther and pollen function: mean daily temperatures near 29°C reduce fruit number, fruit set
percentage (Dasgan et al., 2021), and fruit weight per plant, largely because elevated temperature disrupts pollen
and anther development and lowers pollen viability.

Heat stress affects not only male fertility but the broader sequence of reproductive development from flower

formation to post-pollination processes. Long-term moderate heat significantly reduced pollen viability, pollen

number, female fertility, seeded-fruit set, and flower number per inflorescence, while only previously identified

heat-tolerant cultivars maintained seeded fruit set under stress. Male-sterile experiments further showed that

adequate pollen supply alone is not sufficient at high temperature, because as mean daily temperature increased

from 25°C to 29°C, fruit set, total fruit number, total fruit weight, and seediness declined due to effects on ovule
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development and post-pollen production processes, with sharp losses already evident from 25°C to 26°C and from
28°C to 29°C (Fortunato et al., 2023) (Figure 1).
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Figure 1 Mechanistic overview of temperature stress-induced reactive oxygen species (ROS) accumulation and antioxidant defense
activation in tomato plants

5.2 Effects on fruit development and yield components

Temperature regulation strongly influences yield formation by altering fruit set, fruit number, seed formation, fruit
growth rate, and fruit mass. In male-fertile tomatoes, a daily mean temperature of 29°C reduced fruit number, fruit
weight per plant, and seed number per fruit to 10%, 6.4%, and 16.4% of the values observed at 25°C, showing
how rapidly yield can collapse when reproductive heat stress persists. Genotype comparisons under elevated
temperature likewise found that fruit number per plant, fruit set percentage, average fruit weight, and yield per
plant all declined with rising temperature, although the extent of reduction differed among cultivars, indicating
substantial genetic variation in reproductive heat tolerance (Vijayakumar et al., 2021).

Fruit development after set is also temperature-sensitive, and the direction of the response depends on both
developmental stage and the thermal regime. Controlled-environment studies showed that fruits ripened much
faster as temperature rose from 14°C to 26°C, but both low and high regimes tended to produce small
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parthenocarpic fruits, and the combination of poor fruit set at 26°C, fewer flowers, and altered fruit growth
resulted in low yield. Temperature also modifies the cellular basis of fruit growth: although fruit growth rate was
lower at 20/20°C than at warmer regimes, final fruit size was maintained by compensation between cell number
and cell size, whereas heavier fruit load reduced fruit size mainly by slowing cell expansion rather than by
reducing cell number.

5.3 Effects on fruit quality characteristics

Temperature regulation affects tomato fruit quality as strongly as it affects yield, but the response is trait-specific.
Elevated temperature often increases total soluble solids, titratable acidity, and ascorbic acid, while decreasing
lycopene, and high-temperature field screening further showed increases in soluble solids, acidity, total phenols,
and vitamin C in tolerant genotypes, with concurrent decreases in pH, electrical conductivity, flavonoids, lycopene,
and B-carotene (Vijayakumar et al., 2021). These quality shifts indicate that heat does not uniformly degrade
composition; instead, it tends to re-balance primary and secondary metabolites, sometimes improving acidity- or
vitamin-related traits while reducing carotenoid-based color and nutritional value.

The effect of temperature on fruit quality also depends on developmental stage, humidity, and the specific
metabolite considered. Increasing fruit temperature from 21°C-26°C reduced total carotene without affecting
lycopene, whereas a further rise from 27°C-32°C reduced ascorbate, lycopene, and precursor contents but
increased rutin, caffeic acid derivatives, and glucosides, showing that antioxidant pathways are highly
temperature-sensitive. Under combined high temperature and high relative humidity, enzyme activities linked to
sucrose breakdown and organic acid metabolism shifted in ways that reduced soluble sugar, vitamin C, total sugar,
and the sugar/acid ratio, while increasing titratable acidity; notably, 32°C with 70% relative humidity was
identified as the best condition for maintaining fruit quality during the reproductive period under high-temperature
stress (Zheng et al., 2022).

6 Physiological and Molecular Mechanisms of Temperature Regulation Effects

6.1 Hormonal regulation under temperature stress

Temperature stress in tomato triggers broad hormonal reprogramming rather than a single-pathway response.
Across heat-stress studies, hormone-associated genes are repeatedly among the temperature-responsive transcripts,
and genotype-dependent thermotolerance is linked in part to differential regulation of auxin- and ethylene-related
genes (Hu et al., 2020). Brassinosteroid signaling appears to be one important branch of this response, because BR
treatment in tomato increases RBOH1 expression and apoplastic H>O», while silencing RBOH1 compromises heat
tolerance (Li et al., 2021).

Hormonal regulation also integrates developmental temperature responses and cross-stress protection. Day-night
temperature difference regulates stem elongation through changes in gibberellin and TAA biosynthesis, with
negative DIF suppressing both hormone levels and elongation-related gene expression (Ohtaka et al., 2020).
Under extreme temperatures, strigolactones act upstream of ABA-dependent protection, since heat and cold
induce strigolactone biosynthesis genes, and ABA deficiency abolishes strigolactone-induced transcription of
HSP70, CBF1, and antioxidant-related genes (Chi et al., 2021).

6.2 Heat and cold stress response pathways

The core heat stress response in tomato is organized around HSF-HSP networks that preserve protein homeostasis
and cellular survival. Hsfs control transcriptional reprogramming at high temperature and activate canonical HSR
genes, especially heat shock proteins, which function as molecular chaperones to prevent protein misfolding and
aggregation. Within tomato, HsfA1 has a uniquely central role, because plants with HsfA1 cosuppression become
extremely heat-sensitive and fail to induce normal synthesis of chaperones and other Hsfs under elevated
temperature.

Cold and heat pathways also intersect with ROS and kinase signaling, but the specific regulators differ by stress
type. In heat-stressed tomato, SIMAPK3 acts as a negative regulator of thermotolerance, since knockout mutants
show less wilting and membrane damage, lower ROS, and higher antioxidant enzyme activity together with
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increased HSF and HSP expression. Under chilling, tomato appears to use more than the classical CBF route alone:
SIGRAS4 promotes chilling tolerance by directly activating many cold-response targets and SICBF promoters,
while functioning as a distinct regulon that operates independently of the ICE1-CBF pathway (Liu et al., 2020).

6.3 Molecular regulation of temperature-responsive genes

Temperature-responsive gene regulation in tomato combines conserved stress modules with substantial genotype-
and tissue-specific variation. In seedlings, most heat stress transcription factors and HSP genes respond similarly
across genotypes, but hormone- and RNA-related regulators such as HsfA6b show differential expression
associated with thermotolerance (Hu et al., 2020). In reproductive tissues, heat-stressed microspores upregulate
small HSPs, HSP70, HSP90, HSFA2, and HSFA3, while tolerant microspores show higher basal expression of
several protective genes before stress, consistent with a primed thermotolerance state (Frank et al., 2009).

Recent genomic studies show that these responses are organized into complex regulatory networks rather than
isolated genes. In tomato flower buds, co-expression analysis under heat identified novel HSR-related
transcription factors such as SIWRKY75, SIMYBI117, and SINAM, and experimentally validated HSF-regulated
targets including SIGrpE, SIERDJ3A, SITIL, and SIPOM1 (Li et al., 2023). Genetic mapping and transcriptomics
further indicate that heat tolerance is polygenic, with major QTL regions enriched for plant hormone signaling,
MAPK signaling, sugar metabolism, and fatty acid metabolism, and with tolerant genotypes showing more gene
upregulation than sensitive genotypes under heat stress.

7 Case Study: Effects of Temperature Regulation Strategies on Greenhouse Tomato
Production

7.1 Experimental background and temperature management treatments

Recent greenhouse case studies have tested temperature regulation through both structural control and targeted
thermal treatments rather than by relying on ambient protection alone. In commercial and research settings,
treatments included multi-point canopy monitoring to detect spatial thermal gradients, geothermal pipe heating
with water temperatures of 25°C, 35°C, and 45°C against an unheated control, and comparisons between
regulated greenhouse environments and more variable open-field conditions (Ouyang et al., 2022; Salagovi¢ et al.,
2024). These designs reflect a common experimental logic: quantify how precisely managed air or root-zone
temperature modifies crop performance relative to uncontrolled or weakly controlled systems.

Other studies used dynamic or stage-specific strategies that more closely resemble practical greenhouse
decision-making. A low pre-night temperature integration strategy imposed 9.4°C, 11.3°C, 13.3°C, and 15.1°C
pulses for the first 3 h of the night while keeping the same 24-h mean temperature, whereas root-zone regulation
trials combined daytime air temperatures of 20°C, 25°C, 30°C, and 35°C with root-zone settings of 15°C, 20°C,
25°C, and 30°C to identify efficient combinations for early growth (Ju et al., 2023). Additional greenhouse studies
also evaluated heat mitigation through micro-spray plus drip irrigation, and precision control through sensor
placement near the ground, canopy, and roof, showing that temperature management treatments increasingly
integrate climate control with real-time monitoring and automated adjustment (Figure 2) (Xue et al., 2023; Zhang
et al., 2024).

7.2 Effects of temperature regulation on growth and physiological responses

Temperature regulation consistently altered vegetative growth and physiological activity in greenhouse tomatoes.
Soil warming significantly affected plant height, leaf area index, assimilation rate, leaf temperature, chlorophyll,
and dry matter accumulation, and across two years the strongest treatment ranked T3 > T2 > T1 > control for most
growth and physiological indicators (Ouyang et al., 2022). Root-zone regulation produced similarly clear effects
during early growth, with 20°C-25°C root-zone settings generally supporting favorable crop growth rate and
relative growth rate across several air temperature regimes (Ju et al., 2023).

Heat mitigation strategies also improved physiological resilience when greenhouse temperatures became
excessive. Under high-temperature greenhouse conditions, micro-spray reduced average daily air temperature by
about 0.76°C-0.8°C and leaf temperature by 4.6°C-4.9°C, while increasing photosynthetic rate, PSII efficiency,
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and stomatal conductance relative to drip irrigation alone (Xue et al., 2023). At the same time, genotype-focused
greenhouse screening showed that high temperature depressed photosynthesis, chlorophyll, proline balance, and
vegetative traits such as plant height and shoot and root fresh weight, confirming that the value of temperature
regulation depends partly on cultivar heat tolerance (Rajametov et al., 2021).

GREENHOUSE TEMPERATURE REGULATION EXPERIMENTS FOR CROP PRODUCTION

TREMPERATURE REGULATION INPUTS CROP RESPONSES
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Figure 2 Experimental framework for evaluating greenhouse temperature regulation strategies and their effects on crop growth

performance

7.3 Effects on yield performance and economic benefits

The yield effects of greenhouse temperature regulation were substantial, but they depended on how effectively the
strategy stabilized the crop microclimate. In a greenhouse versus open-field comparison, weekly temperature
variation was only about +1.0°C in the greenhouse versus +10.2°C in the open field, and the more stable
greenhouse environment produced higher yields while reducing the risk of total crop loss (Efeta et al., 2025). In
another greenhouse study, passive solar protection increased marketable tomato yield by 1.8-fold over open-field
production, although adding shade delayed flowering and reduced marketable yield by 48%, showing that not
every cooling-oriented intervention improves productivity (Angmo et al., 2021).

More intensive regulation strategies also translated into measurable yield and economic gains. Geothermal soil
warming increased yield by about 18.2%-18.6% and water productivity by 32.6%-33.5%, with optimal soil
temperatures estimated at 26.1°C in spring/summer and 20.6°C in autumn/winter (Ouyang et al., 2022). Economic
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case evidence from overwinter tomato production in North China further showed that soft-shell solar greenhouses
raised average daily temperature by 10°C-15°C, reduced low-temperature stress duration by 25%, and improved
net returns when combined with variety optimization and scenario-based sales, indicating that greenhouse
temperature regulation can generate both biological and commercial benefits when paired with cultivar and
market strategy (Liu et al., 2025).

8 Conclusions and Future Perspectives

Temperature exerts a pervasive influence on tomato performance because developmental, physiological, and
reproductive processes respond differently to thermal conditions across the crop cycle. Tomato is sensitive to
temperatures below 12°C and above 32°C, and high temperature particularly decreases fruit yield while also
altering multiple physiological traits and fruit quality attributes. Reviews of sub-optimal and supra-optimal
conditions further show that cooler conditions can slow leaf and truss initiation, increase leaf thickness, reduce
relative growth rate, and impair pollen quality, whereas warmer conditions can accelerate early development yet
compromise later vegetative growth, fruit set, and seasonal yield stability. The overall yield outcome reflects the
integration of many distinct temperature-sensitive processes rather than a single limiting trait. High temperature
negatively affects both vegetative growth and reproductive development, leading to losses in fruit set, yield, and
quality, while genotype-dependent differences in pollen viability, photosynthesis, and fruit-setting ability explain
why some cultivars perform better under stress than others. Experimental and field-based evidence also indicates
that elevated temperature can reduce fruit number, fruit weight, and marketable quality, although moderate
chilling in some systems can induce acclimation and preserve yield, highlighting that the effect of temperature
regulation depends on stress intensity, duration, and developmental stage.

Future research in temperature-controlled tomato production should move beyond describing stress injury and
focus on predictive, trait-based, and mechanistic strategies for intervention. High-throughput phenotyping,
including thermal infrared, hyperspectral, and chlorophyll fluorescence imaging, now offers non-destructive ways
to detect heat-response traits, while GWAS and integrated genomics can identify markers for targeted breeding of
thermotolerant cultivars. At the same time, molecular research increasingly supports the use of candidate genes
related to flowering, pollen development, fruit set, heat shock responses, and epigenetic regulation as practical
targets for breeding under recurrent heat stress. A second priority is to connect crop genetics with greenhouse
engineering and climate-control technologies at commercial scale. Survey evidence from 326 ha of high-tech
hydroponic greenhouses exposed to extreme summer heat showed that even advanced systems suffered yield loss
and rising water, fertilizer, and electricity use, indicating that current climate-control capacity is often insufficient
under future warming. Research should therefore test combinations of improved cooling, renewable-energy
integration, season shifting, and heat-resilient varieties, while also evaluating emerging interventions such as
prime editing, which increased tomato yield by 33% under heat stress without fruit-quality penalties through
heat-responsive regulation of source-sink relations.

The implications for sustainable tomato production are both agronomic and systemic. Climate warming is
projected to reduce processing tomato production in major producing regions by about 6% by 2050, with some
leading areas facing additional water constraints, which implies that climate resilience will depend not only on
plant tolerance but also on regional shifts in production systems and resource availability. In greenhouse systems,
adaptation will require integrated approaches that combine structural innovations, precision irrigation,
decision-support tools, and climate-resilient cultivars, because elevated temperature increasingly acts together
with high radiation, water shortage, and vapor pressure deficits rather than in isolation. Sustainable and
climate-resilient tomato production will therefore depend on combining biological resilience with technological
and management innovation. Multidisciplinary strategies that unite breeding, genetic engineering, physiological
knowledge, agronomic adjustment, precision monitoring, and beneficial microorganisms are increasingly viewed
as essential for maintaining yield and food security under climate change. For tomato specifically, advanced
ventilation, shading, renewable-energy-supported climate buffering, and cultivar selection for reproductive heat
tolerance appear especially important because stable temperature and humidity are central to fruit set, lycopene
formation, and marketable yield preservation in warmer production environments.
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